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I. INTRODUCTION 
A. Purpose of the Study 
The purpose of applying ozone to the raw water supply at Sioux Falls, South 
Dakota was to determi
.
ne the .specific e ffects ozonation has on water qua lity . An 
ozone pilot plant was utilized in  the investigation of trihalomethane formation , 
chlorine dem and and disinfection. In-plant process modifications to the Sioux 
Falls Water  Purification Plant were conducted to determine if process changes  
could affect the production of t rihalomethane formation at  various locations 
within the distribution system . The results of th is study are discussed, analyzed , 
and presented hereinafter .  
B.  Nature of the Prob lem 
Transmission of human disease v ia . water has been well documented for 
several thousands of years, yet only within the past century has the causative 
agent been attributed to various m icroorganisms (55). As urbanization increased 
in the late 1 800 's and early 1900's, the demand for safe drinking water supplies 
increased d ramatically. Numerous chem ical disinfecting agents were studied by 
the scientific community to find a safe , reliable ,  and long-lasting disinfectant.  
Since the turn .of the century , chlorination has been the most common drinking 
water supply disinfection process ut ilized in the United States and has been one 
of  the single m ost im portant factors in m aintaining the level of public health we 
presently enjoy.  The incidence o f  waterborne disease in the United States, 
par ticularly typhoid fever and cholera, has been drastically reduced because of 
the widespread use of ch lorine for public drinking water supply disinfection 
( 1 3 3)( 1 38).  
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It was not until the mid- 1 970's that attention was focused toward m inute 
quantities of  ha logenated organic com pounds that were discovered to be reaction 
products of the chlorination process in  drinking water treatment.  Technical 
advancements in  analytical techniques and instrumentation in the late 1 96 0's and 
early 1 970's (gas chro
.
matography and mass spectroscopy) provided for the 
identification and quantification of numerous chlor inated organic com pounds 
which were prev iously not known to exist in our nation's water supplies. 
Presently ,  ove r  700 chem ica l com pounds have been identified in U.S. surface and 
ground water supplies ( 1 9) .  In Novem ber, 1 974 ,  the U.S. Environmental 
Protection Agency (EPA) announced to the general publ ic that 66 organic 
chemica l com pounds had been identi fied in the New Orleans, Louisiana drinking 
water supply with a potential corre lation in  observed high incidences of certain 
cancers in the local population (3 1 )(93)(95)( 1 1 5) ( 1 20)( 1 26). Following the 1 97 4  
EPA report, a study of  the water supplies o f  8 0  U.S. cities revealed that 
num erous halogentated organic com pounds were present. The halogenated 
organics formed in the highest concentrations were a group of com pounds known 
collectively as trihalomethanes (THM's) ( 1 28).  The presence of TH M's and other 
ha logenated organics in our nation's waterways has raised concerns as to the 
potential health risks involved when the general public is exposed to m inute 
quantities of  these com pounds. Areas of  potential concern include : 
1 .  Increased risk o f  gastrointestina l  cancers, 
2. Mutagenic risks in the alteration of the human gene pool ,  and 
3.  Suppression of the human im mune system . 
After  rev iewing several research stud ies concerning the potentia l  health 
r isk aspects of the halogenated organic com pounds,  the EPA on February  9 ,  1 97 8  
published a proposed amendment t o  the National Interim Primary Drinking Water 
Regulations which set a maximum contaminant level (MCL) in finished public 
drinking water supplies of 1 00 �g/1 for total trihalomethanes (TTHM's) . The EPA 
promulagated the TTH M regulation (44FR686 24) on Novem ber 29, 1 979  
specifying the M CL and monitoring requirem ents for a l l  public drinking water 
supplies serv ing a population of  1 0 ,000  or m ore . 
c. Scope and Objectives 
The City of  Sioux Falls, South Dakota obtains its water supply from the Big 
Sioux aquife r which is located be low and adjacen t  to the Big Sioux River .  A n  
e xtensive well  field consisting of  34 wells has been developed t o  the north of  the 
city. In addition to the we ll field, two surface water supply intakes in the B ig  
Sioux River diversion channel are available for  use during peak demand tim es of  
the year.  
Because the raw water generally hasiron concentrations in the range of  3 . 0  
to  6 . 0  m illigram s per liter (m g/1) and  m anganese concentrations in the range o f  
2 .0  to  2.6 m g/1, the Sioux Falls treatment process has been designed primarily to  
rem ove iron and manganese. The Sioux Falls Water Purification Plant treatment 
process presently em ploys prech lorina tion , l ime softening, floccu lation, 
recarbonation, chlorination , fluoridation, and filtration. A detailed description 
of the treatment process is presented in  the " Methods and Materials" section . 
Based upon plant operations records, the finished water which is delivered 
to the Sioux Falls general public conform s  to the United States  Public Health 
Serv ice (USPHS) recommended standards. Pre lim inary  analyses conducted by the 
plant staff in 1 980 revealed that the Sioux Falls water distribution system TTH M  
levels ranged from 5 0  to 1 1 5 J..lg/1 whi le raw well water sam ples revealed 
undetectable TTH M  leve ls. Therefore , it appears that the trihalomethanes were 
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form ed as a result of the water treatment process utilized at the Sioux Falls 
Water Purification Plant .  
The purpose of this  investigation was to determine the feasibility of  using 
ozone prior to ch lorine addition for preventing trihalomethane formation, for 
reducing ch lor ine demand,  and for d isinfection. Pilot-scale ozone and filter units 
were ut i lized in  th is investigation to avoid any disruption in  the treatment plant 
operation. The filter media em ployed during the pilot studies wa s identical  to 
that ut i lized at the Sioux Falls Water Purification Plant. Further studies were 
conducted to de termine the effects on trihalomethane formation i n  the 
distribution system by altering the point of chlorine addition in the Sioux Falls 
Water Purification Plant treatment process. 
5. 
II. LITERATURE REVIEW 
A. Introduction 
The early history of ozone has been described in detail by numerous authors 
(35)(43) (56)(57)(79)(86)( 1 0 1 )( 1  07). Ozone 's pungent odor was first reported by the 
Dutch Scientist Van Marum in 1 785 while working in the vicinity of e lectrical 
machinery .  Cruickshank noticed the same pungent odor in 1 80 1 whi le 
e xperimenting with the hydrolysis of  water .  The pungent gas which was c reated 
by e lectrica l discharges was first given the name "ozone" by Schonbein in  1 840 . 
Schonbein hypothesized that ozone naturally occurred in the earth's atmosphere 
and conducted numerous ozone expe riments in water treatment at Metz, 
Germany . In 1 857 , Werner von Siemen designed the first e lectric-discharge 
ozone generator. The exact chem ica l  com position of ozone remained uncertain 
until 1 87 2  when Brodie showed that ozone was a triatomic m olecule of  oxygen .  
B. History of Ozone in Water Treatment 
The earliest experiments using ozone for municipal water treatment were 
conducted during the 1 800's in France , Germany, and Hol land (56)( 1 07) .  These 
ear ly  investigations were conducted prim arily in the interest of determ ining the 
bacter icida l  properties of ozone . In 1 886 De Meritens demonstrated that 
ozonized air could be u tilized to disinfect pol luted water ( 35)(57). Several years 
later in 1 89 0  Froe lich investigated water steri lization at a semi-commercia l  
plant in  Martinikenfeld, Germany. The first drinking water treatment plant to  
em ploy ozone was constructed in Oudshoorn , Hol land in  1 892.  Studies by 
Ohlm uller in  1 893  showed that ozone could kill typhoid and cholera bacteria as 
6 
well as the high ly resistant spores of anthrax bacteria. Sim ilar studies by Van 
: Ermengen , Ca lmette , and Roux furthe r demonstrated the bactericida l proper ties 
_ of ozone (56) { 1 07) . In 1 896, the German government com missioned studies by 
Ohmul ler and Prall  wh ich led to the erection of full-sca le munic ipa l dr inking 
· water t reatment  plants at Wiesbaden and Pa derborn. Studies by Soper concluded 
that ozone was not only a powerful disinfec tant ,  but was also effective in 
rem oving unpleasant tastes and odors in  a drinking water supply (8)( 1 0 7). 
By the turn of  the century several e xperimental ozone plants for treating 
drinking water were in operation in  Eu rope {57)(79) .  After thorough study of  the 
Oudshoorn ,  Holland plant and a pi lot plant at the St. Maur  facil ity in Paris by 
french doctors, a fu l l-scale ozone plant for treating a municipal water supply 
was constructed at N ice , France in 1 906 (35)(73){79). The Bon Voyage plant in 
Nice , France is referred to as " the birthplace of ozonation for drinking water 
treatment" because ozone has been in use as a treatment process since the plant  
began ope ration in 1 906. By 1 9 1 6 , there were approximately 50 ful l-scale ozone 
treatment plants in  operation i n  Europe . As of  1 980 ,  there were ove r  1 ,000  fu ll­
sca le p lants in operation throughout the world {7 3) . 
In 1 9 27 ,  the first instal lation to use ozone in the Uni ted States was 
constructed at Delhi ,  New York. This plant was later damaged by a flood and 
abandoned in  1 935 (8)(57). Ozone plants were later constructed at Long Beach , 
Indiana in 1 930; at Hobart,  Indiana in 1 9  32; at  Denver, Pennsylvania in  1 940;  and 
at Whiting, Indiana in 1 9 40 (8)(57) .  Since 1 97 5 the num ber  of municipal  water 
t reatme nt plants in the U.S. using ozonation has increased rapidly. As of 1 98 5 ,  
the United States had 1 7  fu l l-sca le operating water treatment plants using 
ozonation with several more under design and construction. 
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Historically , there has been an important di ffe rence between the European 
and American philosophies in the u se of  ozonation as a municipal water 
t reatment p rocess. The extensive use of  ozonation in Europe is related to the 
generally poor qua lity of potable water resources, to the desire for a high quality  
drinking water f ree of  tastes and odors, and to a public fear  and dislike of  the 
taste of ch lorine . In Europe the primary objectiv .e has. been to provide a wa ter 
which is free of tastes, odors, and color .  In the United States, the treatm ent  
philosophy is  based primarily on  the production of  a public drinking water which 
is bacteriologically safe with little em phasis on the rem oval  of  foreign tastes ,  
odors, and color (57)(7 1 )(&&). The majority of  Americans accept the concept tha t 
when chlorine cannot be tasted, the water may be contaminated (&3) . 
C. Ozone Physica l and .Chem ical Properties 
Ozone is an unstable,- highly reactive al lotrope o f  oxygen,  yet it has 
considerably different physical and chemical properties from oxygen (6)(7)( 77) 
(83)(86)( 1  0 1 ). The ozone molecule is comprised o f  one central  oxygen atom 
attached to two equ idistant oxygen atom s forming an included angle of  1 1 6049' 
and having a bond length of 1 .278  l\ (6). 
Ozone is a colorless gas at room tem perature and has a characteristic 
pungent odor which is readily detectable at  concentrations as low as 0.0 1  parts 
per billion (ppb) by volume (65) . The melting point of ozone is
. 
- 1 930C, and the 
boiling point is  - 1 1 2oc (77). 
The solubility of  ozone is  approximately thirteen times  that of  oxygen in 
water from 0°C to 300C (320F to 860F) , but because of a much lower availab le 
partial  pressure it is difficu lt to obtain a residual concentration of  more than a 
few m il ligram s per liter in water under normal conditions of tem perature and 
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pressure (3 5)(36)(65) .  Ozone is m uch more stable in air than in water. The ha l f­
life of ozone in  the ambient atmosphere has been measured at 1 2  hours ( 1 01 ) .  
However ,  the m ore dilu te the ozone concentration in  air , the slower it 
dissociates. Studies indicate that a sample of 5 percent ozone in an atmosphe r e  
of pure oxygen at  room . temperature could b e  stored for nearly two m onth s  
before the ozone wou ld fall below 4 percent (92). 
Ozone should be considered  a dangerous gas because of its strong oxidizing 
capa bilities. At low concentrations of ozone (l  to 3 percent in air) no explosive 
hazard e xists (9 2). However,  concentrations of ozone at 1 5  to 20 percent in  a i r  
are high ly explosive. The suggested safety limit  for ozone concentration in air  is  
0 . 1 parts per mil lion by volume. 
Ozone is a powerfu l  oxidant having an oxidation potential of 2.07 volts 
(83)( 1 01).  Its oxidation potential is caused by the splitting off of the third or 
nascent atom , during the dissociation of the ozone molecule (88). It is  th is  
unstable nascent  o xygen atom which quickly reacts with oxidizable matter . The 
action of  ozone on dissolved or suspended matter  in water is based on oxidation , 
ozonolysis, and catalysis (82). The oxidizing power of  ozone is characterized by  
the addition of  one atom of  oxygen.  In  ozonolysis, ozone reacts upon double 
bonds by f ixing its entire molecule to the atom s connected together by a doub le 
bond. Finally by catalysis, ozone acce lerates the rate of oxidation. 
Based on an extensive review of  the available literature , Pelig (92) 
suggested the following stages for ozone decom position in aqueous solutions: 
0 3 + H 20 � 0 2 + 2(0 H) 
0 3 + OH- � o 2 + H02 
03 + H0 2 � 20 2 + OH-
(l) 
(2) 
(3) 
o H- + OH--+- H20 2 
OH- + H0 2-+-0 2 + H20 
OH- + OH--+-o - + H20 
o - + o 2 -+- OJ 
H0 2 + H0 2-+-.0 2 + H2o 2 
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(4) 
(5) 
(6) 
(7) 
(8) 
All of the preceding interm ediate species (o H-, o -, OJ, HOz , and Hz Oz ) 
are h igh ly reactive and possess very short hal f-lives (92) . Therefore , the 
decomposition behavior of ozone in water is complicated and is dependent upon 
the a lkalinity ,  pH, and oxygen content of the aqueous solution. Pelig (92) 
suggested that it is the hydroxyl radical (OH-), having oxidation potential of  2 .8  
volts ,  which is  mainly responsible for  the strong germ icida l activ ity of ozonized 
solutions.  
D. Advantages and Disadvantages  o f  Ozonation in  Water Treatment 
The major advantages and disadvantages of ozonation in water treatment 
are presented in Table 1 (4-)(22)(5J)(60)(76)(8 1 )(84)( 1 06)( 1 07). 
In Europe ,  ozone is considered a v iable alternative to chlorine in drinking 
water treatm ent. However, in the United States chlorine is used alm ost 
exc lu sively.  The lack of popularity of ozonation in the U.S. is  attributable to the 
inability to m aintain an effective ozone residual for disinfection purposes in the 
dist ribution system . Also, chlorine has been relatively inexpensive to 
m anufacture since World War I. Chlorine is a by-product o"f the production of 
sodium hydroxide which is produced by the electrolysis of the brine in either the 
d iaphragm cell process or  the mercury  cell process. 
Table 1 .  Advantages and disadvantages of  ozone 
1.  Advantages of  ozona tion 
a .  Ozone effectively reduces taste , odor , and color. 
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b. Ozone reduces the potential for the formation of ch lorinated organics 
such as trihalom ethanes. 
c. Ozonation reduces the chlor ine demand of  a water. 
d. Ozone is unsurpassed for destroying bacteria , viruses, pathogens,  and 
spores. The d isinfecting capabili ties of ozone are rapid and effective 
over  wide ranges of temperature and pH. 
e .  Ozona tion results i n  the oxidation o f  iron and manganese. 
f .  Ozona tion resu lts in the destruction or signi ficant decrease of 
organic pollutants including pestic ides. 
g. Ozona tlon produces no sludge except in the case of iron and 
manganese rem oval. 
h .  Ozonation im proves coagulation , filtration , and carbon adsorption 
processes.  
i .  Due to the rapid decomposition of ozone in  an aqueous solution , no 
chemical remains in the solution. 
2. Disadvantages of Ozonation 
a. Ozone cannot be stored (unless stored in a pure oxygen mixture), 
there fore it must be generated on site . 
b. Waters  containing a high organic content requ ire pretreatmen t to 
satisfy the ozone demand prior to ozonation. 
c .  Ozone wi l l  not provide any lasting residual disinfection in a water 
distribution system since its half-li fe in an aqueous solution is  
approximately 30 m inutes. The absence of an effective residual 
provides no sa feguard against post contam ination. 
d. The application of ozone is typical ly ine ffic ient. 
e .  Ozonation generally has  a h igher  tota l cost (capital,  operation , 
maintenance , and replacement) than chlorination. 
f. The process equ ipment for generating and contacting ozone is 
generally more complicated than  that u tilized in chlorination. 
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The February 1 987 price for c_hlorine was approximately $ 2 50 per one-ton 
cy Iinder .  The electrical power requirements for the production of  ozone are 
approximately 1 2.5  kW per pound if produced from pure oxygen.  The Decem ber  
1 98 6  cost of producing ozone (assuming an electrical energy cost of  $0.06 per 
kilowatt-hour) is estimated at approximate ly $1 500 per ton at a 1 percent 
concentration by we ight  if  produced from atmospheric air and approximate ly  
$1 200  per ton at  a 2 percent concentration by  weight i f  produced from pure 
oxygen.  The preceding costs do not include the energy required for drying 
atmospheric air or producing pure oxygen and cooling the ozone generator 
(35)(81 ) . 
Recent studies have reported that potential ly  toxic substances may be 
formed in the ozonation process (91).  Highly  toxic epoxides may be formed when 
DDT and related chemical com pounds react with ozone in  water. Other 
chem ical groups such as carbonyls, glycols, acids, peracids, and aromatic phenols 
may react to form potentially toxic ozona tion by-products. Nebel (91) indica ted 
that intermediate oxidation materials containing the organic functional groups 
such as aldehydes, ketones, a lcohols, and organic acids may also be formed .  
However ,  studies by Hortemann reported that ozonation by-products are. less 
toxic and more biodegradable than the constituents from which the y were m ade 
(91 ) .  It should also be noted that ch lorine , because of its oxidation potential, 
reacts with many of  the same substances as ozone.  
E.  Application s  of  Ozona tion 
The use of the ozonation treatment process for potable water treatment is 
related to its oxidizing power in  converting objectionable substances to fewer  or 
less objectionable reaction products. Because of  its oxidation potential, 
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ozone can prov ide a high degree of water treatment (20). The ma jor applications 
of the ozona tion treatment process are presen ted in Table 2. 
1.  Oxidation of Organic Com pounds 
Rem oval of organic compounds from potable wate r supplies may be 
accomplished by precipitation , adsorption , or oxidation (51). Oxid izing agents 
utilized in the water treatment industry include ch lorine , ch lor ine dioxide , 
potassium permangana te , and ozone (51). Ch lorine , although used almost 
exclusively in the U.S., can produce the odor-causing compound ch lorophenol as 
well as potentially hazardous ch lorinated organics known col lectively as 
tr lhalomethanes (5 1 ) . 
Chlorine dioxide (Cl0 2) has been generally neglected in the U.S. because of  
i ts  cost and i ts  potentially dangerous method of on-site generation. Potassium 
permangana te  ( K  Mn0 4) has been utilized almost e xc lusively in the U .S .  for taste 
and odor control and not for disinfection purposes. The prime requisite for the 
use of potassium permanganate is that the treatment  process be followed by 
filtration,  otherwise insoluble manganese dioxide produced by permanganate 
reduction can produce a colored finished water which can stain laund ry ,  
bath room and kitchen fixtures. 
As one of the most powerful  oxidants known in  the water industry ,  ozone is 
capable of oxidizing most organic com pounds to more simple and m ore 
degradable products (54)( 1 0 3)( 121). Ozone has been dem onstrated to oxidize the 
following organic groups (7) :  
a .  Aroma tic , carbocyclic and  heterocyclic molecules. 
b .  Carbon-hydrogen bonds in a lcohols, ethers, a ldehydes, amine s  
and hydrocarbons. 
c .  Carbon-nitrogen bonds and other similar unsaturated groupings. 
d .  Nuc leophilic molecules such as amines,  su lfides, sulfoxides ,  
phosphenes, phosphines, a rsines and selenides. 
Table 2. Applications of  ozone in drinking water treatment 
1. Oxida tion of: 
a. Trihalomethane precursors 
b. Su lfides 
c.  Cyanides  
d. Organic com pounds causing tastes, odors,  and color 
e. Organics such as: 
- Detergents 
-Pesticides  
-Phenols 
- Hum ic acids 
- Fulvlc acids 
- Tannic acids 
f. Iron 
g. Manganese 
h .  Heavy metals 
2. M icrofloccula tion 
3. Suspended solids rem oval 
4.  Improvement of  settleability characteristics 
5. Reduction of  ch lorine dem and 
6. Bacterial and v iral destruction 
7. Destruction of algae 
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8. Conversion of large-m olecu lar  weight ,  less biodegradable organic 
compounds into smaller ,  m ore easily biodegradable organics. 
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e.  Olefinic and acetylinic carbon-carbon multiple bonds. 
f. Silicon-carbon , silicon-silicon, and silicon-hydrogen bonds. 
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The majority of organic matter found in su�face water supplies or shallow 
groundwater supplies is derived from the natural leaching of soil and plant 
organic m atter ( 1 23). Humic substances, the -major portion of soil organic 
rna tter ,  form the largest fraction of organic substances found in virtually a l l  
surface water and shallow groundwater supplies (50)( 1 02)( 1 23). Humic 
substances,  however ,  are not normally found in appreciable amounts in deep 
groundwater supplies. Humic substances are subdivided into two general 
c;:lassifications; humic acids and fu lv ic acids (50)( 1 23) . Ozone has been found to 
be rela tively effective in removing the yellow-brown color of waters containing 
humic and fulv ic acids (l 0 3)(1 06) . The hum ic f raction is soluble in a basic (h igh 
pH) solution, but insoluble in  an acidic (low pH) solution ( 1 06). Studies by Ahmed 
and Kinney ( 1 ) found carbonic acid and o xalic acid to be the primary by-products 
in the ozonation of humic acids. Fulvic acids a re the water soluble fraction 
which remain in solution after neutralization and a fter all humic acids have been 
precipitated ( 1 23). The experiments by Rook ( 1 03) revealed that ozonation of 
fulvic acids gave r ise to biodegradable by-products which cou ld be rem oved by 
conventional water treatment methods such as coagu lation and filtration. 
2. Enhancement of Flocculation and Coagulation 
The enhancement of flocculation and coagulation by ozona tion has been 
noted by several authors (50)(57)(58)(7 2)(80)(8 2)( 1 1 9)( 1 2 1 )( 1 22) . In many surface 
and shallow groundwater  supplies, colloidal m atter ham pers the formation of floc 
particles.  Although ozone does not produce coagu lation , it does promote 
flocculation by chemical oxidation or by ozonolysis. Oxidation of organic m atter  
tends to  upset colloidal equi librium and increases  flocculation efficiency 
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(57)( 1 22) . Ozone , as well as chlorine,  will convert organic col loids to sim pler 
form s  which reunite to form polymolecular aggregates which are essentially 
inorganic V{lth a negative charge ( 1 1 9). These aggregates may produce turbidity , 
however a small  dose ( 1 5  mg/1 or less) of an electrolyte such as aluminum sulfate 
(alum ) will-react with these aggregates to form m ic roflocs with positive charges.  
Floc partic les formed as a result of this type of  treatment may be removed by 
sedimentation and/or filtration depending on the initial raw water quality ( 36) . 
In general,  fi ltration by itself can only be utilized for a h igh quality raw water 
having a low initial turbidity wh ile sedimentation with or without fi ltration is  
required for  a poor quality raw water (50)(82) . 
Ozonation of a raw water supply prior to sedimentation has been shown to 
enhance floc settleability by destablizing colloids and making them more 
amenable to treatment. In addition to im proved settleability characteristics , 
ozona tion has been observed to increase the size of the floc particles as we ll as 
decrease their num ber (86) . 
Studies by the Los Ange les Department of Water and Power on the Owens  
River water supp!y indicated that the addition of  ozone as a pretreatment step 
enhanced flocculation and resulted in increased turbidity removal in their  direct 
filtration treatm ent process ( 1 30) . 
McLaugh lin (80) in his studies at Philade lphia's Belmont Plant noted that 
ozonation prior to alum addition im proved coagu lation and reduced the alum 
dosage requirement by 33 to 50 percent. This im provement in flocculation and 
sedimentation was determined to be a function of ozona tion and not to other 
parameters. Sim ilar results were reported by Rice ( 1 0 1 ) at Rouen, France . 
Gauntlett and Packham (50) indicated that ozone could be utilized as an 
alternative to conventional coagu lation and filtration for the treatment of low-
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turbidity , colored waters. Their findings indicated that the ozonation process did 
not produce a sludge and that it was m ore econom ica l than conventiona l 
coagu Ia tion . 
Le Page (72) reported findings of  ozone pi lot plant research at Monroe , 
Michigan com paring alum coagulation to a combination of ozonation plus  a lum 
coagu lation. The results indicated tha t water  wh ich -had been pre -ozonated 
exhibited enhanced floc-forming characteristics. An ozone dosage of  2 to 3 mg/1 
could cut the reaction time in half. The ozonated sam ples also developed larger 
floc particles that settled more rapidly than did the floc particles in  non­
ozona ted samples. 
3. Reduction of Chlorine Dem and 
Numerous stud ies have shown that the use of pre-ozonation in the water 
treatment process will generally lower the chlorine demand of the water  
resulting in a reduction of  the ch lorine dosage required to maintain a residual  in 
the distribution system ( 1 3)(34)(58)( 1 06). The reduction of chlorine demand is 
due primarily to the oxidation of  organics to by-products which either react 
slowly with chlorine or exhibit no chlorine demand (34). Bartuska ( 1 0) reported 
that ozona tion reduced the ch lorine demand of the water at the Whiting, Indiana 
plant to a point where the required chlorine dosage was only for maintaining a 
distribution system residual .  McLaugh lin (80) reported that ozona tion at the 
Phi lade lphia Belmont Water Treatment Plant reduced the chlorine demand by up  
to  7 5 percent. Powell et  a l .  (97) noted tha t  ch lor ine demand was reduced or  
totally e liminated when water from the Iowa River  was ozonated. Le Page (7 2) 
reported reductions of ch lorine demand by 30 percent when ozonation was used 
to pretreat water from Lake Erie. 
4 .  Disinfection 
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Ozone disin fection can be characterized as an al i-or-none process. No 
bactericidal effect is noted as ozone is added to water unti l  a threshold dosage is  
achieved,  whereby bacter ia and v irus destruction is virtua lly complete (60) . 
Thus, the oxidizing power of ozone makes it  a powerful disinfectant that not only 
kills pathogenic bacteria, but also inactivates viruses �nd spores ( 1 3)( 35)(53) 
(56) (60) (6 2)(63)( 1 1 7)( 1 1 9). Numerous studies report that ozone brings about 
instantaneous inactivation of enterov iruses  along with near perfect bactericidal 
e ffects ( 1 4)(44)(49)(6 1 )(7 5)(99)( 1 00)( 1 33) . The disin fection capabilities of ozone 
are faster and more complete than ch lorine , even  though ch lorine i s  used in more 
than 98  percent of all municipal water t reatment facilities. Bingman noted that 
ozone is 600 to 3 , 1 00 times more rapid than ch lor ine in the destruction of  
bacteria (35). Wil liams ( 1 37) reported that ozone is  25 times more effective in  
the destruction of bacteria than is hypochlorous acid (HClO). 
According to Smith and Bodkin ( 1 1 7) , ozone is e ffective against viruses 
over  a wide pH range .  Hoehn (60) also noted that ozone disin fection efficiency  is  
not significantly a�fected by changes in pH o r  temperature. 
Hann (58) reported a general range of ozone dosages required · for 
disinfection ut ilizing a contact time of 5 to 1 0  minutes as follows: 0 .25 to 0.5  
mg/1 for  groundwater  low in turbidity , 2 .0  to 3.0 m g/1 for  a relatively good 
quality sur face water ,  and 2.5 to 5.0 m g/1 for a poor quality sur face water .  
Babbitt and Doland (4) recommended that  ozone only be  app lied to  a filtered 
water to .limit ozone demand to less than 3 mg/1. An ozone residual of 0 . 1 mg/1 
or greater  is generally suffic ient  for disin fection (4) . 
Studies by Ferkinhoff (47) in 1 9 35 at the Hoba rt ,  Indiana water treatment 
plant indicated that Escherichia coli counts for raw water were 1 ,000 colony 
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forming units (CFU), 8 CFU for fi lte red water ,  a nd 0 CFU for ozona ted water ·  
In  1 94 1  Bartuska ( 1 0) reported tha t  tests at the Whiting, Indiana water treatm ent 
plant showed an average 95  percent reduction of coliform most probable num ber 
(MPN) between raw water and ozonated fin ished water.  In 1 943 McLaughlin (80) 
reported E. coli MPN reductions of  95  to 99.9 percent a fter ozonation of 
Phi lade lph ia water .  Powell  e t  al. (97) noted in  19 52 that _
an average reduction of  
coliform organism MPN of  99.4  percent was  accomplished by ozonation of  Iowa 
River water .  
In 1 9  56 ,  Fetner and  Ingels (48) found tha t the lethal concentration of ozone 
was reached when a detectable residua l was maintained. Further studies 
revealed that  ozone and ch lorine disinfection properties were radica lly different.  
The surviv ing f raction of chlorine-treated bacteria decreased in geometric 
progression as a function of time or concentration. However ,  ozone exhibited an 
"ali-or-none" effect  with a contact time of one m inute. There was no effect of 
ozone below a cer tain critical value , but above this value no bacteria surv ived .  
Broadwater ,  Hoehn and King ( 1 8) determined the minimum lethal ozone 
concen tration in wa ter for Bac illus cereus, Escherichia coli , and Baci llus  
megaterium at a contact time of  5 m inutes. The lethal concentration for B.  
cereus was 0 . 1 2 m g/1 and was 0. 1 9  mg/1  for both E.  coli and B .  mega ter ium . The 
threshold concentration of ozone requ ired to kill the spores of B. cereus and B. 
megate rium was 2 .29 mg/1.  The cells and spores of these organisms exhibited 
the "all-or-none" phenomenon of  ozona tion. 
O'Donovan (88) concluded that the bactericidal action of ozone , unl ike 
chlorine , i s  not adversely � ffected by changes . in  tem perature and pH. Farooq, 
Englebrech t  and Chain (45) determined the effect o f  tem perature on the survival  
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of Mycobacterium tortuitum during. ozonation. At a pH of 7 .0 ,  elevated 
tem peratures resulted in a higher degree of inactivation. 
F. Trihalomethanes 
1 .  History of the Trihalomethane Problem 
The earliest report of potential trihalomethane pro�lems  was reported by 
Eschenbrenner and Miller in 1 945  (93) .  Their studies indica ted that dosages of 
chloroform greater than 0.3  mg/1 produced cancerous tumors in the test anim als. 
A no-observed-effect was indica ted at dosages up to 300 m g/kg (0.0003 lb/lb). 
The study reported that a 70 kg ( 1 5 4 lb) person would have to drink 70,000 l iters 
( 1 8 ,500 gal lons) of water containing a 0 .3  m g/1 dose of ch loroform be fore being 
exposed to the lowest no-observed-effect dosage of the study.  
In 1 97 2  Kloepfer and Fair less (69) first used gas chromatography and mass 
spectrometry  to identify numerous halogenated organics in the Evansv ille , 
Indiana water supply. These halogenated organics were traced to organic 
materials in the city's water supply , the Ohio River.  Further studies indicated 
that the Evansv ill
_
e water treatment process was remov ing only 60 percent of the 
organic pollutants from the raw river water .  
In  1 97 4 Rook ( 1  04)  reported that significant levels  of halo gena ted organics 
were produced at the Rotterdam Water Utility immediately following raw water 
chlorination. A chlorine dosage of 2 to 25 m g/1 produced 6 to 54 ll g/1 of  
chloroform as wel l  as 0 .5  to 20 llg/1 of bromine substituted haloforms. In  1 974  
Bellar et  a l .  ( 1 1 )  reported significant leve ls of  halogenated organics in several 
U.S.· drinking water supplies. In groundwater (wel l) supplies, where organics a re 
generally low, the concentrations of the halogena ted organics were low. In 
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surface wate r supplies, where organics a re general ly h igh , the concentrations of 
the halo gena ted organics were high.  
In  Novem ber  1 974, the U.S. pub lic was shocked when the U.S.  
Environmental Protection Agency (EPA) announced that 66 potentially harm ful 
organic chemicals had been detected in the New Orleans, Louisiana water supply 
(3 1 )(93)(9 5)( 1 1 5)( 1 20)(1 24). In 1 97 5 ,  Dowty et al .  ( 4- 0) (4- 1 )  p�blished reports on the 
investigations of New Orleans drinking water and pooled blood plasma .  Thirteen 
halogentated organics were identified in the d rinking water and five in the blood 
plasm a. Tetrachloroethylene and carbon tetrach lor ide , suspect carcinogens, 
were found in both the drinking water and blood plasma. These findings were 
considered high ly  significant because the incidence of cancer in the New Orleans 
area has been reported to be above the national average . Later in 1 975 ,  Sym ons 
et al. ( 1 27)  reported on the resu lts of the National Organics Reconnaissance 
Survey  (NORS) conducted by the EPA to determine the extent of the four  m ost 
prevalent trihalomethanes (ch loroform ,  bromodich loromethane , dibromoch loro­
methane , and brom oform) in our nation's water supplies. Eighty water supplies 
throughout the U.S. were selected for the study .  In the raw waters tested , the 
· fou r  TH M's were either absent or were found to be present in very low 
concentrations. However,  TH M's were found to be widespread in ch lorinated 
drinking waters. The median concentrations in the finished waters of the study 
were 2 1  llg/1 for ch loroform , 6 llg/1 for bromodich loromethane , and 1 . 2 llg/1 for 
dibrom ochloromethane. Bromoform was not detected in 55 of the 80 water 
supplies studied. The study reported that T H M  concentrations appea red to be 
re lated. to the organic content of the raw water.- In general,  high concentrations 
of THM's were associated with the use of surface water supplies, raw water  
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chlorination , and maintenance of a high chlorine residua l  i n  the distribution 
system.  
In  1 976 ,  Su ffet et a l .  ( 1 26) reported that 1 , 1 , 1 -trich loroacetone was present 
in the finished water of  the Phi ladelphia Belm ont Water Treatment Plant.  It was 
concluded that 1 , 1 ,  1 -trich loroacetone was form ed during the treatment process 
since it  was not found in the raw river water supply.  
In 1 976 ,  the National Cancer Institute (NCI) reported to EPA that 
preliminary  screening tests of ch loroform given to rats and m ice in high doses 
produced tumors  in a portion of the test group (93). As a result of  the 1 976  NCI 
study ,  the EPA in Novem ber 1 979 amended the National Primary Drinking Water 
Regu lations to include a fina l  regu lation for controlling halogenated organics in 
public d rinking water supplies. This ame ndment established a Maximum 
Contaminant Level (MCL) of  1 00 1-1g/l  for total triha lomethanes (TTHM's) and 
stipulated the monitoring and reporting requirements for all public water 
supplies which add a disinfectant to the i r  treatment process and serve a 
population of  1 0 ,000 or more. 
In the ir  assessment that exposu re to T H M's in drinking water poses a 
. potential human health risk, the EPA followed guidelines p roposed by the U.S. 
· Na tiona! Academ y of Sciences for human risk assessment  (26). These guide lines  
are as  follows: 
Effects in animals, properly qualif ied , a re applicable to man .  
Methods d o  not now exist to establish a threshold for long-term 
e ffects of toxic agents. 
Mater ia l  should be assessed in ter m s of human risk,  rather than as 
"safe" or "unsafe". 
Exposure of  experimental animals to toxic agents in high doses is a 
necessary and valid method of  d iscovering possible carcinogenic 
hazards in man. 
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In  March 1 98 2, the EPA identified five best  available treatment (BAT) 
methods general ly available for drinking water t reatment systems in meeting the 
TTH M Maximum Contaminant Level  on a cost-e ffective basis (46). The list of  
the suggested treatm ent methods included: 
Use o f  ch loramines as an alternative of  supplemental disinfectant or  
oxidant. 
Use of  chlor ine dioxide as an alternate of  supplemental disinfectant 
or oxidant. 
Im prove existing clarification for T H M  precursor reduction. 
Move the point of chlor ination to reduce TTH M formation , and , 
where necessary,  substitute for the use of  ch lorine as a pre-oxidant 
ch loram ines , ch lorine dioxide , h yd rogen peroxide , or potassium 
permangante. 
Use of  powdered activated carbon (PAC) for THM precursor or TTH M 
reduction seasonally or interm ittently at  dosages not to exceed 1 0  
m g/1 on an annual average basis. 
Each of the preceding treatment methods is a widely recognized water 
treatment technology, is low in cost, and is within the technical capabilities of 
the vast majority of public water systems subject to the TTH M  regu lations. In 
addition to the five generally avai lable best treatment methods, EPA selected 
five additiona l treatment methods not identi fied as "generally available". These 
�dditional treatm ent methods, identi fied by  E PA, which are to be considered as 
part  of the com pliance schedule include : 
Off-line water storage for T H M  precur sor reduction . 
Aeration for TTHM reduction , where geographical ly and 
environmentally appropriate. 
Introduction of clarificat ion whe re not cur rently practiced. 
Consideration of alternate sou rces of  raw water .  
Use of  ozone as  an  alternate or  supplemental  disinfectant or  oxidant. 
2 .  Potentia l Health Risks 
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Since the reports by Dowty et al. (40)(4 1 )  in 1 975  potentially linking 
halogenated organics in the New Orleans dr inking water supply wittl an increased 
incidence o f  cancer in the local popu lation , the scientific com m unity has focused 
its attention to the potential health risks resulting from chlorination of public 
drinking water supplies. Research on potential hea lth risks i� continuing on th ree 
fronts: 1 )  increased risk of gastrointestinal cancers, 2) m u tagenic risks in 
alteration of the human gene pool ,  and 3) suppression of the human im mune 
system . 
Pfaffenberger et al .  (94) presented ev idence that organica lly bound 
chlor ine in finished drinking water supplies contributes significantly to blood 
serum ch loroform .  Sim ilar  find ings were also reported by Dowty et al. (40)( 4 1 ) . 
Studies in the food processing industry have shown that a very broad range of  
chlorina ted organics exhibit sim ilar b lood serum resu lts (24)(66) .  Kraybill (70) 
reported that 21 chemical compounds found i n  U.S. public drinking water supplies 
have been characterized as hav ing carcinogenic activity. These chemica ls are 
presented in Table 3. Two of the l isted chem ica ls,  chloroform and carbon 
tetrach loride , are of the trihalomethane species and have been recognized as 
carcinogens. Boy land ( 1 5) hypothesized that 90 percent of all cancers are due to 
chemicals found in  today 's env ironment.  H igginson (59) maintained that 90 
percent of  cancers are theoretically preventable because they may be env iron­
menta lly  related.  These views were also shared by Epstein (42) .  Researche rs 
prese ntly  have two options in  studying the potentially harm fu l properties of 
ch lorinated public drinking water supplies ( 1 29).  
Tab le 3. Potential organic carcinogenic chemicals in pub lic d rinking waters 
Chem ica l Com ments Concentration (m g/l)a 
1 .  A ldrin 
2. Benzene 
3. Benzo(a)py rene b 
4 .  Bis-2-ch loroethy l  ether 
5. Bis-ch loromethy l  ether 
6.  BHC (Lindane) 
7. Carbon tetrach loride b 
8. Ch lordane 
9.  Chloroform b 
1 0. 1 ,2-Dibrom oethane 
1 1 . 1 ,  1 -Dich loroethane 
1 2. Dieldrin 
1 3 . DDT 
1 4-. DOE 
1 5. Endr in  
1 6. Heptach lor 
1 7 . 1 , 1  , 2-tr ich loroethane 
1 8 . Trichloroethy lene 
1 9 . Tetrach loroethane 
20 .  Tetrach loroethy lene 
2 1 .  Viny 1 ch lor ide b 
a De term inations frcfm EPA Water  Quality Program 
b Recognized carcinogens 
50 
0.0002" - 0 .002 
0.07 - 0 . 1 6  
5 
0. 1 - 3 1 1 
0.05 - 0 .09 
0 .004 
0.35 - 0 .4-5  
1 0  
0 .4- - 0 .5  
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The first option is to  study the short-term toxicity effects o f  either 
massive doses of the suspect chemica l, or to conduct short-term bioa ssay  tests 
whereby aqua tic animals are subjected to a r tificial stream conditions. The 
evaluation of the toxicity of organic com pounds,  including ha logenated hydro­
carbons in  d rinking water, follows two avenues of  i nvestigation. First, an 
attem pt is made to screen the toxic potentia l  of m ixtu r�s of organic compounds 
that a re actually obtained from municipal  d rinking water supplies. Second , 
indiv idua l com pounds are subjected to in-depth toxicologica l evaluation in anima l  
mode ls that a re predictive to  human responses ( 1 29).  Massive doses of  
chloroform were given to test animals (rats and mice) in the National Cancer 
Institute study which first alerted EPA to potentia l problem s with ch loroform 
and othe r ha logenated organics. Critics of th is study (National Academ y of 
Sciences) stated that • . •  "There is no hard ev idence that low-leve l  oral exposure 
to any of these chem icals (TH M's) produces cancer .  An argument has been made 
that the dose levels used to establish carcinogen icity a re so h igh that they 
overwhelm the normal detoxifica tion and/or repai r mechanism s and produce 
cancer by some mechanism which does not occur under  low-dose conditions" (83) .  
I t  ·shou ld be noted that a serious flaw in the results was observed in  the NCI · 
study which prom pted the EPA to adopt a 1 00 lJg/1 maxim um contam inant level  
· (MCL) for  TTH M's. In  female rats which were dosed with two different,  yet high 
doses of  chloroform , 49 to 50  percent, respectively ,  of  the female rats· developed 
tum ors .  However,  in matched control anim als  rece iv ing no ch loroform , 60  
percent of  the female rats developed tum ors. Sim ilar results were found with 
male rats in the same NCI study .  Of al l  the literature rev iewed,  only the NCI 
study has failed to find a "no-cause-e ffect" for increased cancer ri sks linked in 
ch loroform leve ls characteristic to water and wastewater (93). 
+ " I 
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The liver and  kidneys are typically conside red "ta rget" organs in relation to 
cancer due to their  detoxifying mechanism s. In the NCI study the only 
tumorigenic response obtained was in the rat kidney (8 percent)(93). Th is low 
incidence of  tumors at extremely high doses and long latency period ( 1 02 weeks) 
raises serious doubts about the NCI  conclusion that chloroform is carcinogenic in 
rats. Stud ies by various other researches have failed to show any evidence that 
exposure to chloroform increases the incidence of  any  kind of tum or. One 
researcher com menting on the NCI stud y states • • •  "I be lieve there to be a sim ple 
explanation of why tum ors were seen in the NCI  study but not in any other 
studies to date and that is tha t in  the enorm ous doses given in the NCI study , 
liver damage often serious, was caused and that this p redisposed nonspecifically 
to liver tumor development" (93). 
Another area of recent investigation is immunosuppression . Certain known 
chem ical  carcinogens act  as immunosuppressives which at  low doses can  have an 
effect on  the im m une defense system . Thus  a car-cinogenic agent cou ld carry out 
two d istinct functions: 1 ) it transform s normal  cells into tumor cells, and 2) it  
increases the survival of these tum or cells by damaging the im mune system (9 3) . 
At .the present time,  little is known about the im m u nosu ppresive characteristics _ 
of low level exposure to ch lorinated organics.  
It appears that additional studies need to be made at lower and m ore 
reasonab le doses in order to prov ide a "norma l" env ironment  for the test anima ls.  
Bioassay tests,  by simulating natural env ironmental conditions,  have been useful  
in  determining the toxic effects of  ch lorine on aqua tic l ife .  However ,  bioassay 
tests for studying carcinogenicity a re lengthy due to the latent appearance of  
m ost cancers  fol lowing chemical exposure. 
; I 
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The second option of studying organohalogen e ffects is th rough an 
epidemiologica l study .  Epidem iologica l tests have shown a correlation in  
drinking chlorinated water to gastrointestinal and urinary tract cancers in  some 
stud ies and no cor relation in  other stud ies (1 6)( 1 9)(6&)(96). Epidemiological 
studies a re e xtremely difficult to categorize as  each indiv idual may be a ffected 
by numerous intangible parameters: genetic background , gen�ral hea lth, extent 
of exposure , a ge ,  sex,  occupational health hazards, and others. In spite of the 
lim itations, epidemiologic studies can he lp establish the existence of a causa l  
chain,  l inking various parameters with human cancer. Depending o n  the specifics 
of the ev idence , it may be possible to interrupt the chain  by control ling se lected 
parameters so that the risk can be reduced without knowledge of the causal  
agents. 
Perhaps m ost alarming to the scientific com m unity is the suspect 
mutagenic properties of  certain organohalldes (2 1 ) (27)(2&)(29)(30)(38)(7 4 ). 
Studies by Sim mon and Tardiff ( 1 1 2) using the Salmonel la/m icrosom e mutagenic 
procedure found that in concentrated form , seven of n ine alkyl halides suspected 
of being carcinogenic are suspect mutagens.  The a lky 1 ha lides found to be 
susp.ect m u tagens include: vinyl chloride , v inylldine chloride,  dich loroethane, 
trich lorethy lene , bis 0 -ch loroethy l) ether ,  meth y l  iodide , and bromoform . Inter­
estingly , chloroform and carbon tetrach loride were determined not to be 
mutagenic ,  ye t both have been considered prime suspects in the current studies 
of halogenated organic carcinogenicity . Muta genesis ,  unlike carcinogenesis,  
a ffects the entire human gene pool  and not only individuals or small  populations.  
Therefore , m ore research must be directed toward the m u tagenic properties of  
the organoha lides as  their effect may have a subtle,  slow appearing, yet 
catastrophic e ffect on man .  
� .  . 
3. Trihalomethane Formation 
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The form ation of halogenated organics may  originate from a number of 
d iverse sources including industrial and municipal _wastewater effluents, agricul­
tural run-off,  na tural production , and ch lorination of  drinking water supplies 
containing organic contam inants (l 06). Stevens and Sym ons ( 1 25) proposed the 
following gene ralized equation to explain the for m ation of triha lomethanes: 
Ha logen + organic precursor = triha lomethanes (9) 
This reaction occurs to some extent in  any water where halogens can react 
with organic precursors (34)( 1 2 5). The halogenated organics wh ich form the 
group known collectively as halomethanes are presented in Table 4. The 
triha lome thanes wh ich are most com monly found in public water  supplies tha t 
have been ch lorinated include chloroform , bromodichloromethane , dibromo­
ch loromethane, and bromoform ( 1 27). The formation of TH M's has been shown to 
be time ,  pH,  precursor , tem perature , and free chlorine residua l dependent 
(3)( 5)( 1 1 )( 1 7)(39) (  40)( 4 1  ) (52)(67)(90)( 1 04)( 1 05)( 1 1 0)( 1 1 6)( 1 24)( 1 28)( 1 32). 
The formation of  halogenated organics is not instantaneous, but rather 
occurs  over  a period of several days until e ither the organic precursor or the 
halogen  is exhausted (3)(67)( 1 0 5) .  Consequently,  the concentration of THM's will  
continue to increase as the raw water flows through the treatment process and 
through the distribution system ( 1 3)( 1 7) ( 1 25) .  Arguello et  al. (3) studied water 
sam pies from 1 4 different water fac ilities for one year .  Triha lomethanes, 
detected only at  low conc
-
entrations in raw water ,  were a lways present in higher 
concentrations after ch lorination and were usua lly highest in finished water .  
Brett and Calver ly  ( 1 7) reported that trihalomethanes were found to increase 
sign ifican tly  within the distribution system of the Southern Water Authority 
Testwood Pum ping Station near Southam pton, England where the treated water 
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Table 4 . List of halomethane family com pounds 
COMPOUND NA ME CHE MICAL FORMULA 
1 .  Chloroform CHC 1 J  
2. Bromoform C HBr3 
3 .  Iodoform CHI3 
4 .  Brom odich loromethane C H BrC 1 2 
5 .  Dibrom och loromethane CHBr2Cl 
6 .  Dich lorobutane C4 HgC l 2 
7. Dichloroethane CHJCHC 1 2 
8.  Trich loroethane CH 3CC 1 3 
9 .  Carbon Tetrach lor ide C C 1 4  
1 0. Dich loropropane C3 H6C 1 2 
1 1 . Dich loropropene C3H4C 1 2 
1 2 . Trich loroethylene CHC 1 CC 1 2 
1 3 . Tetrach loroethy lene CC 1 2CC1 2 
1 4 . Ch lorobenzene C6 H5C 1 
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contained a chlorine residua l, and organic precursor, or both . La bora tory studies 
by Kissinger and Fritz (67)  demonstrated tha t  the THM concentration of 
chlorinated tap waters continued to increase over  a period of days. However,  
when ch lorine was neutralized in the tap water ,  the THM concentration remained 
stable. 
The T H M  formation rate has been shown to increase w_ith an increase in 
pH. Rook ( 1 05)  reported that THM formation rate increased as pH increased. 
Oliver and Sh indler (90) confirmed this observation when they reported that the 
reaction of chlorine with fulvic acids was th ree to four times more rapid at a pH 
of 1 1  than at a pH of 7. However,  when ch lor ine was reacted with humic acids, 
the rate doubled from a pH of 7 to a pH of 1 1 . G la ze and Rawley (52) reported 
that TH M's produced from fulvic acids at a pH of 9 . 6  were twice that formed at 
a pH of 7 .6 under otherwise identical conditions. Trussell and Um phries ( 1 32) 
reported that a THM reduction of greater than 50 percent could be accom plished 
by reducing the water pH from 9 to 7. The a ffects of pH on THM formation have 
been explained by several authors ( l 05)( 1 24)( 1 25) .  Stevens and Symons ( 1 25 )  
hypothesized that the direct relationship of pH and  THM formation rate was due 
prim arily to the halo form reaction being base ca talyzed. Rook ( l 04) reported 
that the large increase of  TH M's with an increase of  pH was due to the increased 
formation of phenoxide ions. Stevens et  al.  ( 1 24 )  c laimed that the rate of TH M 
formation is pH dependent because the rate determ ining step of the haloform 
reaction i s  enolization of a ketone. 
Tem perature also appears to influence T H M  formation .  Studies by Stevens 
and Sym ons ( 1 25) indicated that ch lorination of a natural water produced a 
ch loroform concentration at 250C of twice that form ed at 3°C. Sim ilar stud ies 
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by  Singer ( 1 1 3) showed that increases in raw water  tern perature resulted in an 
increase of the produc tion of ch loroform in finished waters. 
Halogenated organic com pounds have been found to be produced naturally 
by liv ing organism s. Siuda ( 1 1 4) noted tha t  the num ber of  naturally occurring 
halogenated organic com pounds is estimated to be greater than 550 and 
represents more than 200 distinct biological species from . bact� ria to man.  The 
precursors to trihalomethane production during the ch lorination process in  
drinking water treatment have been hypothesized to be a com plex mixture of  
hum ic substances and sim ple low-m olecular-weight  com pounds containing the 
acety 1 m oiety ( 1 2 4  ) .  The rna jor types of com pounds found in natural wa ters  
inc lude humic materials, tannins and sulphonated lignins ,  phenolics,  am ino acids, 
hydrocarbons, and fatty acids (89). Laboratory studies  on high-molecular-weight  
hyd rocarbons and fatty acids showed that these types  of com pounds do not 
produce significant quantities of  ha logenated organics during ch lorination . A 
hum ic water will typically contain 0. 1 to 1 .0 m g/1 hum ic acid, 0 . 5  to 8 .0  m g/1 
fu lvic acid , and 0.5 to 1 . 0 m g/1 tannic and lignosulphonic acid ( 1 1 0). Unfortun­
ately , the chem ical  structures present in aquatic hum ic substances a re not known 
with any certainty ( 25)(85)(87).  Because fu lv ic acids are found in  the h ighest 
concentration , they a re genera lly the m ost im portant precursors in the haloform 
reaction . Schnoor et al.  ( 1 1  0) reported tha t  90  percent  o f  the organics present in 
the Iowa River during October 1 977 and January 1 97 8  had a m olecular weight of 
3 ,000  or less and 7 percent had a molecula r  weight of less than 1 ,000 .  Seventy­
five percent of the trihalomethanes found to be present were formed from 
com pounds with a m olecu lar weight less than  3,0 0 0  and 20 percent were derived 
from organics with a molecular weight less tha n  1 , 000 .  Chloroform was 
prima rily a reaction product of  ch lorine with organics with a molecular weight 
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less than 5 ,000.  B rom inated trihalomethanes were formed from organics hav ing 
m olecu lar weights less than 1 , 700. In general ,  TT HM's were formed . in  the 
m olecular  weight ranges where the greatest concentration of total organic 
carbon (TOC) was detected . 
The e ffect of  ch lorine is not totally agreed upon in the literature. Several  
sources report that  THM concentrations are lim ited m ore by precu rsor concen­
trations than free ch lorine. Other sources report that ch lor ine produces a 
change in the species formed in the ch lorination process. Studies at the Water 
Supply Research Division (WSRD) laboratory indicate that the terminal  triha lo­
methane (Term THM)  concentration is not significantly  im pacted by the amount 
of  free available ch lor ine present in the water ( 1 28). These resu lts were most 
likely due to the reactions being precursor lim ited.  Trussell and Umphries ( 1 32) 
reported that ch lorine doses substantia lly above those to maintain long-term 
residuals resulted in only modest increases of TH M's in  the distribution system . 
Dore et  a l. (39) reported that  the determ ining fa
.
ctor  in the haloform reaction 
was nei ther the applied chlorine nor the free chlorine , but rather the quantity of 
ch lorine ava ilab le for the precursors,  which ultim ate ly depends on the relative 
react.ion rates of the precursors and other productive com pounds. Lang et al .  
obse rved that an increase in the ch lorine dosage produced changes in the THM 
species formed in ha loform reaction, favoring the formation of  the less­
brom inated com pounds ( 1 32) . Ammonia (N H3) has been shown to limit TH M 
formation at chlorine dosage levels lower than the breakpoint (39). Additionally, 
in the p resence of  am monia , the TH M concentration was lowered but not totally 
inhibited ,  wh ich suggests that the reactivity of  certain precursors is extremely 
high .  
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Smith et al. ( 1 1 6) reported that the THM's of a surface water supply varied 
from day-to-day .  The maximum THM concentration was 60 Jlg/1 in the winter and 
1 32 llg/1 in  the sum mer. During the day ,  the highest THM readings were recorded 
at 1 0  A M  and the lowest TH M's were recorded between 1 0  PM and 2 AM.  These 
reported variations m ay be due to certain weekly cycles in water usage or may 
be part  of  i rregu lar fluctuations typical for day-to-day behavior of river flow,  
am bient air and water tem peratures ,  and pH which influence the amount of 
humic material avai lable for reaction with ch lor ine .  
4 .  Ozona tion o f  Trihalomethane Precursors 
Ozonation has received considerable attention as a potential method of 
reducing the TT H M  concentration in public drinking water supplies. Ozonation 
appears to be most effective when acting as an oxidant to change the nature of 
the precursor com pounds so that they no longer react with ch lorine to form 
chlorinated organics { 1 0 6). The substitution of pre-ozonation for pre-chlorina­
tion has been shown to inhibit the formation of trihalom ethanes since the TH M's 
formed is a function of the dosage of ch lorine as well  as the contact time for the 
ha loform reaction to occur ( 1 06). Furtherm ore , pre-ozonation will satisfy a 
portion of  the ch lorine demand so that a lower dosage of  ch lorine will generally 
be required for maintaining a distribution system residual { 1  0 6) .  
Rook ( 1  0 2)( 1 03) ( 1  0 4)( 1 0 5) has reported extensive ly  on studies of THM 
form ation. Pilot studies with fulv ic acid indica ted that an ozone dosage of 8 
m g/ 1  followed by a 2 m inute detention time, and a 7 m g/1 chlorine dosage with 2 
hour detention time  produced a 50 percent THM reduction as com pared with no 
ozone pretreatment.  Thus, the com petition for reactive sites on fu lv ic acids was 
significant .  Ozone appea red to block the available reactive sites faster than the 
halo form reactions could occur. The effect of ozone was shown to dim inish as 
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the time interval between ozonation and chlorination increased, suggesting that 
the organic precursors gradually lost ozon ides • 
. Studies by Riley did not observe the effects described by Rook ( 1  0 5) for 
contact tim es as long as 24 hours ( 1 32). 
- According to studies by Carn and Stinson (20), the San Francisco East Bay 
Municipal Utility District raw water which is chlorinated at the head of the 
aqueduct system exhibited high levels of TH M's due to long detention times and a 
h igh pH.  Trihalomethane levels were further increased through the treatment 
process and the distribution system.  Studies indicated that a 2 m g/1 dosage of 
ozone prior to chlorination of the water conveyed by the aqueduct system 
reduced T H M  formation by 60 percent.  Ozona tion of  the raw water entering the 
t reatment  plant followed by coagu lation and filtration reduced the THM level by 
as much as 88 percent.  
Barnett and Trussell (9)  reported that an ozone dosage of 2 m g/1 with a 
detention time of 3 minutes with raw water at the Ventura County , Ca lifornia 
treatm ent plant resulted in a THM reduction of 1 0  to 1 5  percent in the ozone­
treated water after chlorination. It was shown that ozonation reduced the level  
of total organic carbon (TOC) and therefore the leve l  o f  organic precursors 
available for the haloform reaction (9). 
James Montgomery Engineers, in cooperation with the Los Ange les Depart­
ment of  Water ,  reported an 80 percent reduction of  ch loroform using · a pre­
ozona tion dosage of  1 mg/1 ( 1  0 6) .  McBride (78)  reported sim ilar results. 
Ozonat ion of  the Los Angeles raw water prior to chlorination at the head end of 
the aqueduct system decreased the ch loroform concentration to 4 1-lg/1, indicating 
that ozonation was effective in the alteration or destruction of  precursors. 
Ozona tion prior to fi ltration decreased the chloroform concentration to 3 llg/1. 
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Schwartz and Lancaste r ( 1 1 1 ) reported that in  studies for the Saint John's 
Regional Water System in Newfoundland , Canada, tr ihalomethanes were pro­
duced as a result of  pre-chlorination. A signi ficant correlation was observed 
between ch loroform yield and chlorine util ization. Pre-ozonation in l ieu of pre­
ch lorination resulted in  no production of  THM's ,  even after post-chlor ination. 
However ,  ozona tion of already existing ch loroform did not result in any 
significant chloroform reduction. The resu lts of  this study indicated that the 
proper method to reduce trihalomethane concentrations in fin ished water was to 
ozona te the precursors and not the TH M's because, once formed , the trihalo­
methanes were very resistant to ozonation . 
According to Rice ( 1 0 1 ) , the possibility exists that ozone is capable of 
oxidizing the organic precursors of the halogen reaction to carbon dioxide (C02) 
and water before ch lorination . In many cases th is obse rvation has been at least 
partially successful and significant reductions in  the TH M formation potential 
(THMFP) have been achieved. However ,  in severa l  studies ,  th is behavior has not 
been consistently obtained ( l  0 1  ) . 
Symons et al. ( 1 2&) reported that ozonation a t  smal l  dosages for a 
deten.tion time of seve ral m inutes followed by ch lorination produced as much, or 
more ;  ch loroform as without ozona tion . Studies by DiGennaro (37) in wh ich 
water was treated with ozone dosages of 0 to 1 6  m g/1 for a 30 m inute contact 
tim e produced no differences in the TTH M concen tration s  in the raw or finished 
water .  Nebe l (86) and Symons et al. ( 1 28) hypothesized that ozonation a ltered 
the organic materials which would not normal ly  par ticipate in the ha loform 
reaction. Also, ozone may have satisfied a portion of  the oxidant demand so that 
a greater portion of  the ch lorine was available for the ha lo form reactions. 
36  
III. METHODS AND MATERIALS 
A. Description of the Pilot P lant  
The pilot plant com ponents utilized in the study consisted of  an a i r­
preparation system , an ozone generation system,  two ozone contracting columns ,  
raw water pump with variable speed controlle r ,  fi lte r constant-head tank,  and an  
anthrac ite coal m edia filter .  Figure 1 presents a sim plif ied schematic flow 
diagram of  the pilot plant treatment system . Figu res  2 and 3 provide, 
respective ly ,  photographs of the air-preparation and ozone generation systems 
and the two ozone contacting colum ns. 
The air-preparation system , ozone generation system with electrica l 
controls,  and ozone contacting colu m ns were fu rnished on portable skids by 
Emery Industries, Inc. of Cincinnati , Ohio and have been described in detail by 
De Boer (32). F igure 4 presents a close-up photograph of the skid-mounted air­
preparation system and ozone generation system . Figure 5 presents physica l 
layout of  the two equipment skids. The constant head tank and filter colum n 
with gravel  support  were· the same as used by Quai l  (98) .  The anthraci te coal 
filter media was taken from the Sioux Falls Water Purification Plant filte rs to 
ensure the use of  ripened media and to model the fi lter performance of the Sioux 
Fal ls  filter system . 
Figure 6 presents a schematic diagram of the air  preparation and ozone 
generation syste m s. As shown in the schematic, atmospheric air was first 
filtered and com pressed by a positive displacem ent  air com pressor to a pressure 
of 690  k Pa ( 1 00 psig). The com pressed air was passed through the after-cooler 
where the air tem perature was lowered and then the air was stored in the 
pressure storage tank. 
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Figure 1 .  Schema t ic diagram of the ozone p i lo t  plant t rea tment  system 
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Figu re 3. Photograph of the ozone con tac t i n g  c o lu m n s  
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Figure 4 .  Photograph of  the skid-m ounted pi lo t  plant 
Figu re 5.  Pilot plant skid layout 
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4 1  
F igure 7 pre sents a photograph of the positive displacement air com pressor 
and the a fter-coo ler .  Next, the com pressed air suppfy was treated to rem ove 
m oisture , oil ,  and dust. The compressed air was passeq consecutively th rough a 
pre-filter to remove any oil i n  the air introduced by  the compressor, through the 
dual-tower desiccant dryers to lower the dew point to a m inimum of -40°F, and 
through the after-filter to remove any desiccan t  dust. F igure 8 presents a 
photograph of the dual-tower desiccant drying towers and timer.  Prior to 
ente ring the ozone generation system , the air pressure was reduced by a pressure 
regu la tor from 690 kPa (1 00 psi g) to 1 00 kPa ( 1 5  psig). 
The Emery Industries generator was a tube-type , water-cooled , low­
frequency (60Hz), variable-voltage unit. The basic com ponents to the ozone 
generation system , as presented in Figure 9, included three type 30 4 stainless 
steel tubes enclosed within a single compressed-air m odule . Tubular glass 
dielectrics were centered inside each stainless steel tube. The stainless stee l 
tubes served as the low-potential ground e lectrodes. · Along the inner surface of 
each glass die lectric , a stainless steel screen was positioned to serve as the high­
voltage electrodes. C lean , d ry  (dewpoint less than -400F), oil-free a i r  at  a 
pressure of  1 00 kPa ( 1 5 psig) was introduced into the o�one generation system air 
m odule a t  one end and passed through the small annular air space between the 
ou tside of the glass  die lectrics and the stainless  steel tubes. When a current was 
· app lied to the h igh-voltage electrode, a potential d ifference was created , 
resu lting in a corona discharge across the air gap between the dielectrics and the 
stain less  steel tubes. The corona discharge caused a small percentage of the 
oxygen in the . feed gas to be converted to ozone. Heat build-up due to the 
corona discharge was dissipated by circulating cold p lant water around the 
Figure 7. Photograph of the positive displacement air compressor 
and air cooler  afte rcooler 
Figu re 8 .  Photograph of the dual tower desiccant d ryers and timer 
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Figure 9 . Ozone ge ne ra t ion system 
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e xter ior of  the stainless steel tubes. The ozonized air  was collected at the 
outle t  end of the ozone generation system air  m odu le and routed , stil l under 
pressu re at 1 00 kPa ( 1 5 psig), to the contacting colum ns. 
F igure 1 0  presents a schematic diagram of  the ozone contacting colum ns 
and the anthracite coal media filter.  The gas piping system was arranged so that 
the ozonized supply gas could be split between the two contacting columns in any 
desired p roportion v ia a regulating ball  valve and a gas rotameter located at the 
base o f  each contacting colum n. The ozonized supply gas was introduced at the 
bottom of each contacting column by a porous fine-bubble stainless steel 
diffuser .  The ozone off-gas from the top of each contacting colum n was vented 
to the outside of the building via 1 .27 -em (0 .5  in.)  Tygon tubing and a 1 .905  -em 
(3/4-in.) garden hose . Raw water was pum ped from the west raw water 
collection m ain  to the top of the first contacting colum n (CC- 1 )  using a 1 . 27 -em 
(0. 5-in .) positive displacement pum p powered by a 0 .75-kw 0 -hp) variable-speed 
DC m otor . The water flowed down through the first contacting column (CC- 1 ), 
back up  to the top of  the second contacting colu m n  (CC-2)  by gravity v ia a 5.08-
cm (2-in) schedule 40  polyv inyl chloride (PVC) pipe , and down the second 
contac ting colu m n  (CC-2).  Thus,  the water and the ozone-rich feed gas were 
flowing counte r-cur rently in both contacting colum ns. Each of the two 
contacting colu m ns consisted of 1 5.24-cm (6-in.) inside diamete
.r 304 stainless 
· steel  p ipe in  four flanged
. 
sections. Each contacting colum n  had two 1 .83:-m (6-
ft) sections and two 0 .6 1 -m (2-ft) sections com bined to prov ide a total 
contacting column height of 4.88-m { 1 6-ft). 
Upon leav ing the bottom of the second contacting colum n (CC-2), the now 
ozonized wate r flowed to a constant-head tank located above the filter. The 
constant-head tank was designed to maintain a constant  flow or head on the 
Figure 1 0 . Schema tic diagram of  the ozone contact ing  colu m ns  and  f i l ter  
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filter.  A PVC rise r  column was installed to keep the filter m edia under water 
when the pilot plant was not in use and to lim it  the inlet to outlet  head 
diffe rential on the filter.  The pilot filter column was fabricated of  tra-nsparent 
PV C pipe with a 1 5 . 24-cm (6-in.) inside diameter and a total he ight of 2. 5 1 -m 
(&. 25  ft).  The f il ter  media consisted of a 6&. 5&-cm ( 27-in .) layer of No. 1 
anth rac ite coal with an effective size of 0 .6  to 0 .8  m m  and a uniformity 
coe fficient of  1 .7 5 or less. The support gravel consisted of four 1 0-cm (4-in.) 
layers ranging in  size f rom 2.0 to 6.4 m m ,  6 .4  to 1 2 .7  m m ,  1 2 .7  to 1 9 . 1  mm and 
1 9 . 1  to 38 . 1 m m .  Although not u tilized in th is study ,  1 2  piezometric tubes were 
installed in  the side of the fil ter on 7 .5-cm (3-in.) centers  to facilitate sampling 
and headless m easurem ent  throughout the depth of  the filter .  
B.  Description of the Sioux Falls Water Purification Plant 
Treatment Process and Distribution System 
A fter raw water is collected from the well field north of  Sioux Fal ls, it is 
· piped to the Water Purification Plant for treatm ent .  The treatment plant has 
been designed to treat a maximum capacity of 1 96 ,820 cubic meters per day (52 
m gd).  The treatment process, as  schematically d iagram med in  Figure 1 1 , i s  
designed to rem ove iron and manganese to below USPS m inimum recom mended 
leve ls,  and to reduce total hardness. 
As  water enters the treatment plant it  rece ives a 2.5 mg/1  dosage of 
chlorine in a t reatment step called prech lorina tion.  The chlorine addition 
d isin fec t s  the ra w water ,  aides in oxidizing solub le iron and manganese to 
insoluble form s, and aids in coagulation in  the contact process. A 300 m g/1 
dosage of l ime and a 0 . 1 0  m g/1 dosage of polymer are added to each of six solids 
contact c larifiers.  Lime addition ra ises the pH of the water to precipitate and 
F i gure 1 1 . Sch e m a  tic d i a gram o f  the S i o u x  Fa l l s  \Vater  Pu r i f icat ion  Plant trea t rn en t  p roce.ss · 
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rem ove a portion of the total hardness. Polymers, wh ich are long chained 
m olecu la r  compounds,  aid in coagu lation of the lime floes. Following the solids 
contact p rocess, carbon dioxide is diffused into the water in a ste p called 
recarbonation. The carbon dioxide lowers the pH of  the water to make the water 
neither encrusting nor corrosive. A 1 .0 m g/1 dosage of  polyphosphate is added to 
further stablize the water.  At this  point in the treatment process a 1 .5 m g/1 
dosage of sodium silicofluoride is added as a prophylactic to dental caries. A 
second app lication of the ch lorine (5 .5  m g/1) is added prior to filtrat ion to 
prevent biological growths  in the filters and to mainta in  a chlorine residual in 
the distribution system . Fol lowing the recarbonation step ,  the water is  distri­
buted to any number of  1 0  two-cell filters. The filters  have either a single 
anth racite coa l media or  a combination of anthraci te coa l and sand. The filters 
rem ove insoluble iron and manganese particles,  rem ove suspended solids particle 
car ry-over from the solids contact process, and rem ove any  remaining turbidity 
to prov ide an aesthetically pleasing finished water to the residents of Sioux 
Falls. Following fi ltration, the finished water is tem porarily stored in the 
clearwell ,  and upon demand is pum ped to six elevated storage tanks and three 
underground storage reservoirs. The elevated tanks have a total storage 
capacity of 1 0 ,0 30 cubic meters (2 .65  m il lion gal lons) and the three . underground 
stor.age rese rv oirs have a storage capacity of 30 ,280  cubic meters  (8 mi l lion 
gallons). An additional 1 .0 mg/1 of  chlorine is  added to the East and West ground 
storage rese rvoirs and to the Tuthil l  booster station . 
C. Experimental Procedures 
1 .  Generator Calibration 
Prior to conducting any of the investigations ,  the ozone generation system 
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output had to be ca lib rated. Ozone product ion is de pendent upon the quality , 
dryness ,  and flow rate of the feed gas ;  the pressure and tem perature jn the ozone 
generator; and the vol tage and frequency of the power supply.  During the course 
of  this  investigation , the feed gas flow rate was he ld constant at 1 1  slpm (0.39 
scfm ) , the ozone generator was maintained at a constant  tem perature of 1 0°C 
(5QOF) and a constant pressure of 1 0 0 kPa gage ( 1 5  psig) ,  and th� power supply 
f requency was held to a uniform frequency of  60Hz. On ly the input voltage to 
the ozone gene ra tor was varied . In thi s  manner ,  the genera tor ozone production 
was a function of  input voltage only and ca libration of the ozone generation 
system becam e a function of measuring the ozone concentration of the ozon ized 
air  e xiting the generator for a num ber  of varying voltage s. 
Dur ing the ca l ibration procedure , as wel l  as each run of  this investigation , 
a sam ple of  ozonized air was obtained from a sample tap located at the exit end 
of the ozone genera tor. The ozone concentration of the gas sam ple was 
determined utilizing a variation of the iodometric method for ozone residual 
m easure m en t  as p rescribed in Standard Methods ( 1 22 ) . A 4-liter portion of 
ozonized supply gas was passed th rough a series of two gas-washing bottles, each 
containing 400  m l  of a 1 percent potassium iodide (K I) solution. The volum e of 
the ozonized supply gas became entrapped in  the potassium iodide �elution as it 
was bubb led through each succesive gas-washing bott le . The contents of each 
gas-washing bottle was transferred to a 1 -liter erlenme yer  flask and 1 0  m l  of 2N 
su lfu r ic acid (H2S04) was added to lower the pH of  the solution to a va lue less 
than 2. A 1 -m l  dosage of starch indicator solution was added and the solution 
was titrated to the end-point with sodium thiosulfate (Na 2S 203) . 
The generator ozone production could be calculated by knowing the air 
volume tha t  passed through the gas-washing bottles  and the weight of the ozone 
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trapped by the potassium iodide solution. A· description of the calculations is 
presented in Appendix A. 
The ozone generation . system calibration curve developed during this 
investigation closely coincided with the results developed by Stoebner ( 1 27) . 
During the start-up and calibration process, i t  was discovered that 
desiccant dust was escaping the air preparation system and · was carried by the 
feed gas into the ozone generation system .  Afte r  thorough inspection , it was 
discove red that the fabricator of the air  preparation system had inadvertently 
reversed the positions of  the pre-filter and the a fter-filter .  The after-filter 
which was designed to collect desiccant dust escaping from the desiccant dryers 
was insta lled  upstream from the dual-tower desiccant dryers and the pre-fi lter 
which was designed to absorb the oil in  the air from the com pressor was installed 
downstream of the dua l-tower desiccant dryers. The after-filter and the pre­
filte r were rem oved,  cleaned, and placed in their  proper positions in the air 
preparation system.  Due to the possib ility that  the original desiccant had 
become coated with oil from the air compressor ,  new desiccant was instal led in 
the 9ryers. These changes were made prior to development of  the ozone 
generation calibration curve. 
2.  Pilot Plant Operation 
Dur ing the course of this investigation, all variables were held constant,  
e xcept for ozone dosage and detention time .  In earlier investigations both 
DeBoer (3 2) and Stoebner ( 1 27) found that the most e fficient transfer of ozone to 
the raw water occurred when:  1 )  the contact colu m n  liquid depth was 4.42-m 
( 1 4 .5  ft) ;  2) the water and the supply gas were f lowing count-currently in both 
contact colum ns,  and;  3) the supply gas was proportioned so that 60 percent 
flowed to the first column and 40 percent flowed to the second column. Based 
5 1  
on the findings of DeBoer (32), th is configuration and supply gas . proportionment 
were adopted for use throughout th is  investigation . 
The pilot plant operation may be defined utilizing the following equations: 
T = V/Q i 
Ci = f (P,Qg) 
D = Ci (Qg/Ql) 
where :  
T = detention t ime (min) 
V = contact colum n liquid volume (liters) 
Q1 = liquid (water) flow rate 0 /min) 
D = app lied ozone dosage (m g/1) 
C i = feed gas ozone concentration (m g/1) 
Qg = ozon ized feed gas flow rate (1/min at standard conditions) 
P = ozone generator power input (watts). 
( 1 0) 
( 1 1 )  
( 1 2) 
Detention tim e  (T) ,  as shown by Equation 1 0 , was a function of contact 
· column  l iquid volume (V) ,  and liquid flow rate (Ql) .  However ,  since the liquid 
v olume of the contact columns was held constant, detention time was a function 
of water flow rate only. Water flow rate was varied uti lizing a positive 
displacement pum p controlled by a variable speed DC m otor. The pilot plant raw 
water influent f low rate was varied from 5.7 to 34.2  1/m in  ( 1 . 5 to 9 gal/m in) to 
p rovide detention times from 5 to 30 minutes. 
Ozone concentration (Ci) ,  as shown in Equation 1 1 ,  was a function of ozone 
generator power (P) input and air flow rate (Qg). DeBoer (32)  determined that an 
a i r  flow rate of 1 1  slpm (0 .39 scfm ) produced approximately a 1 percent ozone 
concentra tion at the maximum ozone generator voltage of 20kV. Therefore , an 
air flow rate of 1 1  1/m in was utilized throughout this investigation which 
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resulted in  the gas ozone concentration being · a function of  the ozone genera tor 
power input only.  
App lied ozone dosage (D), as  shown in  Equation 1 2 , was a function of  ozone 
concen tration (Ci) in the feed gas,  air flow rate (Qg) and water flow rate (Ql) .  
Since the air  flow rate was he ld constant ,  the applied ozone dosage was a 
function of  only generator power input and water flow rate . 
Feed gas ozone concentration (Ci) was ca lculated by substituting V/T for 
Q1 in  Equation 1 2 , and solv ing for Ci· 
C i  = DV/TQg ( 1 3) 
Since contac t column volume (V) was held constant at  1 6 1  liters  (42 .6  gal) 
and ozonized feed gas flow rate (Qg) was held constant  at 1 1  1/min (0 .39  cu 
ft/min) ,  feed gas ozone concentration (Ci) could be expressed in the following 
manner:  
Ci = 1 4 .65  D/T ( 1 4) 
The re fore , given any com bination of  ozone dosage (D) and detention time 
{T) , the required feed gas ozone concentration (Ci) could be calculated . The 
voltage setting requirement for the ozone genera tor could  then be determined 
from the prev iously developed calibration cu rve. 
Based on pre lim inary investigation of  Siou x Falls' raw well water ,  the 
required ozone dosage was estimated to be appoximately 2 m g/1 .  Ozone dosages  
for  this  investigation were studied at  0 ,  2,  4,  8 and 1 2  m g/1 .  Detention time 
e ffects were studied between 5 and 30 minutes. 
Table 5 presents the feed gas ozone, concentra tion (Ci) and water flow rate 
(Ql) va lues associated with the various combinations o f  ozone dosage and 
detention time .  There fore , five ozone dosages and five detention times were 
Table 5 .  Liqu id f low rates and  ozone concentration s  assoc iated with various 
comb ina tlons of ozone dosage and detent ion t ime 
Detention Tim e 
(m i n utes) 5 1 0  1 5 20 
Ql 34.0 1 7 . 0  1 1 .33 8 .50  
(l i ters/m in) 
0 .0  0 .0  0.0 0 . 0  
0 
0% 0% 0% 0% 
-
0 5 .9 2 .9 2 .0  N 1 . 5 :c 2 -
-- 70% 62% 60% 58% ('t"\ 0 
0.0 
E 1 1 .7 5.9 3.9 2 .9  -
u.l 4 l? 
9 4% 70% 65% � 62% 
V') 0 Cl 
u.l 23.4  1 1 .7 7 . 8  5 . 9  z & 0 
N * 94% 77% 70% 0 
35 .2  1 7 .6  1 1 .7 8 .8  
1 2  
* * 94% &2% 
Legend : 
Ci = o zone concentration i n  ozon ized air ,  m g/1 
% = percent of  maximum ozone generator voltage 
Ci = 1 4 .65  D/T 
Q 1 = liqu id f low rate, liters/min 
* above the maximum ozone generator output 
30 
5 .67 
0 .0  
0% 
1 .0 
56% 
2.0 
60% 
3.9 
65% 
5.9 
70% 
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u tilized as the basis for the transfer  efficiency , tern perature , pH, chlorine 
dem and ,  and triha lomethane pilot plant investigation of this study .  
3 .  Transfer Efficiency 
During the course of the ozone pilot plant investigation, the effects of 
applied ozone dosage and of detention time on ozone t ransfer e fficiency were 
studied . Ozone transfer  efficiency is defined as  follows: 
E = 1 00 (Wi - W0)/Wi 
where: 
( 1 5) 
E = transfer eff iciency (percent) 
Wi = weight of ozone entering the contac t colu m ns v ia the contacting 
gas (g/h r) 
W0 = weight  of  ozone exiting the contact columns v ia the off-gas 
(g/hr) 
During each of  the operating runs it was necessary  to collect gas sam ples 
for both the feed gas entering the contact colu m ns and the off-gas exiting the 
contact colum ns as shown in Figure 1 2. 
im m ediately for ozone concentration 
prev iously under "Generator Calibration". 
The two gas sam ples were analyzed 
utilizing the analytical procedure 
To establish whether the presence of an ozone residual influenced ozone 
transfer  efficiency ,  the ozone residual in the contact column No. 2 (CC-2) 
'eff luent was determined for each operating run using the iodometric method 
described in Standard Methods ( 1 22). Ozone was first purged from an 800-ml  
water sam ple by passing nitrogen gas stream through the water sam ple at  a rate 
of  1 .0 1/min  for approximately 5 minutes. The liberated ozone was then absorbed 
in 400 ml of  1 percent potassium iodide (KI) solution using a gas-washing bottle . 
The potassium iodide solu tion was transferred to an e rlenm eyer flask and dosed 
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with 1 0  m l  of 2N sulfuric acid (H2SOt,.) to reduce the solu tion pH to less than 2.0 .  
The solution was then titrated with 0 .005N sodium thiosulfa te (Na2S203) and 
starch indica tor solution. A description of  the residual ozone calculation is 
included in Appendix A. 
4 .  Temperature and pH 
Tem perature and pH typically influence the chem ica l rea�tion rate of a 
water treatment process. For this reason, the water tem perature and pH for 
each of  the ozone pilot plant operating runs was measured at each of the 
locations noted in Figure 1 2. The tem perature of each water  sam ple was taken 
im mediately  following sample collection using a m ercury-type therm ometer.  All  
p H  determinations were conducted within 1 5  m inutes a fter sam ple col lection 
u ti l izing a Corning Mode l 1 2 5 pH meter.  The pH meter was standardized prior to 
each set of pH determinations. 
5. Chlorine Demand 
The disinfection and oxidation capabilities of  ozone should preclude the 
requirement for chlorination of a treated water supply e xcept to maintain a 
ch lor.ine residual in the d_istribution system for long-term bac teriological pro­
tection.  In order  to determine the effects of  ozone t reated water on the 
ch lorine demand,  one 500 m l  sam ple of fi lter effluent was collected during each 
pilot plant operating run. Im mediately following collection , each water sam ple 
was given an 8 . 5  mg/1 chlor ine dose. This dosage was the sam e  as used · in the 
Sioux Falls Water  Purification Plant treatment process. The chlorina ted sam ple 
was i nverted several times to ensure that the ch lorine solution was thoroughly 
m ixed ,  and then  the sam ple was stored in  a dark location for 30  minutes. After 
30 m inutes, the sam ple chlorine residual was measu red by the ampereometric 
method as descr ibed in Standard Methods ( 1 22).  A Fische r  Model 397 Chlorine 
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Tltrim eter was  used to  measure both the free chlorine and the total chlorine 
residua l .  The approximate ch lorine demand was then ca lcu lated by  subtracting 
the chlorine residual from the 8.5 mg/1 chlorine dose . The ca lculations for 
de te rmining ch lorine demand are presented in Appendix B. 
6.  Bacteriologica l Quality 
The object of  th is part of  the study was to de termine whether ozona tion 
was a v iable d isinfection agent for drinking water supplies. With the pilot plant 
operating at an  ozone dosage of 2 mg/1 and a detention tim e of 5 m inutes, 
duplicate water samples were collected at each of  three locations: 1) raw water 
inf luent ,  2) contact column No. 2 (CC-2) effluent ,  and 3) filter e ffluent.  Each of  
the six sam ples  were ana lyzed using the membrane f i lter  technique described in  
Standard Methods ( 1 22) .  The sam ples were ana lyzed to determine : 1 ) the 
concentration o f  total bacteria, 2) the presence of coliform bacteria, and 3) the 
concentration of coliform bacteria.  Determination of the total bacterial densit y  
of  the water sam ples was conducted u tilizing Brain-Heart-Infusion (BHI) agar 
since this agar promotes the growth of most bacter ia.  Preliminary indication of  
coliform presence was confirmed using lactose broth and observing the tubes for 
the form ation of  a gas bubble. Coliform bacteria density was determ ined 
u tilizing Ethy lene- Methy lene-Blue (EMB) agar since this  agar i s  se lective for 
col iform bacter ia .  
For  each analysis a known sample volume was passed through a sterile 
m em brane filter u nder partial vacuum . The pore size of the filter m embrane 
was su fficiently small  so that most bacteria were retained on the membrane . 
The filter membrane was transferred to a steri le petri d ish containing the 
appropriate agar m edium necessary for the growth of the bacteria. The contents 
of the petri  d ish were incubated for 24  hours at  35°C. After the 24 hour 
58 
incubation period, the bacterial colonies were counted and the bacterial  concen­
tration in the original water sam ple was determ ined .  
7 .  Trihalomethanes 
In order to form a basis for the discussion of trihalomethanes (TH M's), the 
following three term s are defined .0 26) : 
a .  Instantaneous Trihalomethane (InstTHM) Concentration - the THM 
concentration in the water  at  the m oment o f  sam ple. 
b .  Terminal  Trihalom ethane (Term T H M) Concentration - the TH M con­
centration measured after a specified time period ,  generally se lected 
to approximate the maximum length of time which the water remains 
in  the distribution system before reach ing the consumer.  
c.  Trihalomethane Formation Potential (TH MFP) - the increase in  the 
T H M  concentration that occurs during the storage period in the 
determ ination of the TermTHM concentra tion . 
The objectives of the trihalomethane investigations were threefold : 1 )  to 
determ ine the effects of  ozonation on the TH MFP of  the pilot plant eff luent, 2) 
to evaluate the effects _ of  process m odifications to the Sioux Falls Water 
Purification Plant treatment process on the distribut ion system finished water 
TH MFP prior to use by consumers, and 3) to determine whether the TH MFP of 
the ozone pilot plant filter effluent and the T HMFP of the Sioux Falls Water 
Purification Plant finished water with and without the pre-chlorination treat­
ment step were significantly d ifferent from each other.  To  accom plish the first 
objective ,  the pilot plant was operated at ozone dosages of 0 m g/1,  2 m g/1, and 4 
m g/1 ano contact colu m n  detention times of 5 ,  1 0, 1 5 ; 20,  and 30 minutes. The 
half-hour THM was taken as the InstTH M  and the 1 32-hour (5}'1 day )  THM was 
considered the Term TH M for emulating distribution system maximum detention 
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time .  A ! - lite r sam ple of the pilot plant effluent was  collected in  a volumetric 
f lask for each run. Each sample was adjusted to a pH of 9.0,  chlorina ted with an 
8.5 m g/1 dose of chlor ine, and stored in a dark location at goc to simulate the 
Sioux Falls Water Purification Plant and dist ribution sytem finished water 
environment.  Forty m illi liter samples for each run were taken after 30 minutes 
and 1 32 hours. The sam ple containers consisted of 40-m I vials with Teflon caps. 
The reaction between ch lorine and organic precu rsor materials was fixed (halted) 
at  the tim e of sam pling by the add ition of  2.5 to 3.0 m ill igrams of sodium su lfite 
(Na 2S03) .  Since sodium sulfite is a reducing agent,  i t  reac ted with the chlorine 
making the chlorine unavailable for further oxidat ion or substitution reactions. 
The prel iminary studies indicated that a 2 m g/ 1 ozone dosage at a 5 minute 
contact colu m n  detention tim e was su ffic ient to lim it the tota l triha lomethane 
formation to le ss than I 00 llg/ 1 .  Th is minimum dosage and detention time was 
utilized for the remainder of the ozone pilot p lant TH M stud ies. 
With the Sioux Falls Water Purification Plant operating using the pre­
ch lorination treatment step,  two ! -liter samples of  the finished water were 
taken.  Concurrently , the ozone pilot plant was set up to de liver a 2 m g/1 dosage 
of ozone at a 5 minute detention time. A 1 -l iter  pllot plant sample was 
col lected,  dosed with 8 .5  mg/1 of chlorine , and adjusted to a pH of 9.0.  The 
Sioux Falls Water Purification Plant finished water sam ples and the ozone pilot 
plant sam ples were then stored in the dark at a tem perature of 8°C . The THM 
concentrations o f  the samples were determined at 1 2-hour intervals from time 
equals zero to 1 32 hours. Approximately 1 32 hours a fter initia l sample 
collection, five additiona l Sioux Falls finished water samples de signated J-2 ,  J-3, 
J -4 ,  J-5 ,  and J -7 were collected at locations in the distribution system . The 
water  sam ples were fixed and ana lyzed for their  TermTHM leve ls. 
60 
A fter a one-week period , the Sioux Falls Water  Purification Plant treat­
ment process was modif ied to elim inate the pre-chlorination step • . Two 1 -liter 
sam ples of  fin ished water were taken. Again, the ozone pilot plant was set up to 
operate at an ozone dosage of 2 mg/1 and a 5 m inute contact colum n detention 
time .  A 1 -liter pilot plant filter effluent sam ple was collected, dosed with 8 .5  
m g/1 of  ch lorine , and adj usted to  a pH of 9 .0 .  The Sioux Falls W�ter Purification 
Plant e ffluent sam ples and the ozone pilot p lant sam ples were then stored in the 
dark  at a tem peratu re of 8°C. The TH M concentration of the sam ples were 
determined at 1 2-hour intervals from time equals zero to 1 32 hours. Approxi­
mately 1 32 hou rs after initia l sam ple collection , the five Sioux Falls distr ibution 
syste m  locations were again sampled.  These sam ples were fixed and analyzed 
for their Term T H M  levels. 
Trihalomethane analyses were performed by the South Dakota State 
University Biochem istry Lab using liquid/liquid e xtraction method as prescribed 
by EPA (2). The instrument used for the THM analyses  was a Tracer 560 Gas 
Chromatograph with a Hall electron capture detector. The columns used in the 
ana lyses  were SP- 1 00 0  �nd squalene ( 1 5 .24  em by 4 mm 1.0 . ,  3 percent and 1 0  
percent loading, respectively). The sensitiv ity o f  the instrument was 0 . 1  llg/1. 
The tr iha1omethane species were detectable above the fol lowing concentrations: 
CHCl3 - 3 llg/1  
CHCl2Br - 2 llg/1 
CHClBr2 - l llg/1 
6 1 
IV. RES ULTS AND DISCUSSION 
A. Preliminary Studies 
Prior to conducting the ozone pilot plant studies, the ozone genera tor 
ca libration cu rve was deve loped.  Figure 1 3  presents the resu lts of the 
ca libration procedure for the ozone generator. As indicated in Figure 1 3 , the 
relationship between applied vo ltage across the generator discharge gap and 
ozone concentration of  the feed gas was non-l inear. At  the upper and lower 
segm ents of  the ca libration curve ,  a large change in voltage was required to 
produce a small change in feed gas ozone concentration . However,  in the middle 
segment of  the ca libration curve (60 to 70 percent  o f  maximu m  voltage), a smal l  
change in voltage resulted in a large change in the feed gas ozone concentration .  
At the maxim um voltage of 20kV, the feed gas ozone concentration was 
approximately 1 4  mg/1. When the voltage was less than 6kV no ozone was 
produced.  
Figure 1 4  presents the re lationship between ozone production and ozone 
genera tor power input .  Th is relationship was also non-linear ,  thus doubling the 
power input to the ozone genera tor did not necessar ily double feed gas 
concentration. 
As  discussed in the literature rev iew ,  ozone production is adverse ly 
affected by  m oisture in the inlet gas to the ozone generation system . During the 
course of this pre liminary investigation , a problem was encountered with the 
dual-tower dessicant dryers. The dual-tower dessicant  d ryers were designed to 
rem ove moisture from the feed gas down to a m in im um dewpoint of -40° F. 
However ,  checks for each run o f  the ozone generation system indicated that the 
actual dewpoint of the feed gas was in the range of 0 to - 1 0° F • The relatively 
Figure 1 3. Ozone production ve rsus applied v oltage 
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high dewpolnt caused the ozone generation system to operate . at  less than peak 
energy e f ficiency and fac ilitated nitric acid product ion from the reaction of 
atmospheric nitrogen and moisture in  the feed gas. 
A flaw in the tim er that determined which dessican t  dryer  was drying the 
feed gas and which dessicant dryer was pu rging was later determined to be the 
cause of the m oisture problem in the feed gas. The purging cycle , controlled by 
the timer ,  was not long enough to a de qua tely rem ove the moisture from the 
dessicant .  
I n  addi tion to the dessicant dryer  time r  m al function , it was observed during 
the prelim inary  study that the activated a lum ina dessicant was being 
mechanically broken down from pel let  form to dust.  It became apparent tha t as 
the solenoid valve depressurized a drying tower at the in itiation of  the purge 
cyc le , the dessicant  pe llets were being fluidized by the instantaneous pressure 
d rop f rom 684  kPa ( l 0 0  psi g) to 0 kPa (0 psig). A m odification to the dessicant 
d ryer  system was made in a later study to allow a gradual pressure drop and 
the reby prevent the dessicant from fluidization and subsequent mechanical 
breakdown.  
The sc inte red steel diffuse rs became clogged on a regu lar basis. A 1 : 1  
d ilu tion o f  h ydrochloric acid was used daily to rem ove i ron and manganese scale . 
B .  Transfer E fficiency and Ozone Residua l 
The prelim inary  studies included evaluation o f  ozone transfer e fficiency of 
the contacting colu m ns and ozone residual as a function of  both applied ozone 
dosage . and contact colum n detention time.  The results of the transfer 
e ff iciency and ozone residual studies are presented in Tables C- 1 and C-3 in 
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Appendix C .  Analyses of va riance for the two se ts of data are presented in  
Tables C-2 and C-4.  
1 .  Ozone Dosage Effec t 
Mean transfer efficiencies for the five de tention tim es  utilized in  the stud y 
a re prese nted in Figure 1 5  as a function of  applied ozone dosage. The results 
indicate tha t for any given detention time the percent  t ransfer effic iency of  the 
ozone contact colum ns decreased with increases in applied ozone dosage. An 
ana lysis o f  variance (ANOVA) of  the data , presented in  Table C-2 ,  confirmed 
that a high ly sign ificant  diffe rence at the 1 percent leve l  e xisted between the 
m ean transfe r  e ffic iencies at the studied ozone dosage levels .  This dec rease in  
transfer eff iciency wl  th  increased ozone dosage was a lso observed by  DeBoer 
(32) and Stoe bne r ( 1 27) du ring the ir  investigations of ozone transfer e ff ic iency.  
DeBoer h ypothesized tha t  at higher ozone dosages a greater portion of the ozone 
dem and i s  satisfied and the remaining ozone is re leased in the off-gas .  Thi s  
hypothesis can  be  supported by  the correlation that exi sts between ozone 
residual and app lied ozone dosage as presented in F igure 1 6. Th is correlation 
indicates that the ozone- demand may either be satisfied or e xceeded at higher 
ozone dosages. 
From Figure 1 6 ,  it  can be observed that above ozone dosages of 4 mg/1 the 
ozone residual increased with increases in ozone dosages.  These ozone residual 
increases, as  presen ted in Table C-3 of Appendix C,  became more pronounced at 
shorter detention tim es. No ozone residual occurred at the 2 mg/1 or 4 m g/1 
ozone dosage level which indicates tha t the ozone demand was not exceeded at 
these dosage leve ls. An analysis of variance of the ozone residual data , 
presen ted in  Table C-4,  ind ica ted the presence of  a h ighly significant  tim e-dose 
inte raction ef fect at the 1 percent  level. 
' Figure 1 5  • .  Transfe r e ffic iency versus applied o zone dosage 
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Figure 1 7  presents the mean transfer eff iciencies for each of  the · ozone 
dosage concentrations as a function of contact colum n detention time .  The 
transfer e fficiencies remained fair ly constant  with changes in detention tim e. 
An analysis of  variance of the data,  presented in Table C-2,  confirm that 
changes  in contact column detention time do not signif icantly affect transfer 
e fficienc y .  
F igure 18  indicates that a combination o f  short detention time and high 
ozone dosage results i n  a h igh ozone residual.  Th is trend occurs because ozone 
has a ha l f-l ife of 30 m inutes or less in water .  Therefore at the longer detention 
tim es, m uch of the ozone residual may have already reverted back to oxygen by 
the tim e the contact column effluent sample was collected . 
C. Temperatu re and pH 
The tem perature and pH of al l  raw groundwater sam ples entering the pilot 
plant  as we ll as  all pilot plant fi lter  effluent  sam ples collected dur ing the study 
are presented in Tables D- 1 ,  D-2, D-3, and D-4 of  Appendix D. 
1 .  Temperature 
During each of the operating runs, the tem perature of the raw groundwater 
and the f ilter e ffluent was measured. For all of the operating runs the mean 
groundwa ter  tem perature was 1 4 . 1 0C (57.40F). The tem perature inside the Sioux 
Falls Water  Pur ification Plant ranged between 2ooc (680F) and 26.7°C (80°F). 
Due · to the tem pe rature diffe rential it would be antic ipated that  the water 
tem perature would increase as it  flowed through the pilot plant.  Figure 1 9  
graphica lly presents the affect o f  contact column  detention time on water 
tem peratu re .  Com paring Tables D- 1 and D-2 ,  it was observed that the mean 
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water tem perature increased with increased detention time. At a 5 minute 
detention t ime ,  the mean tem perature increase was 0 .7QOC ( l . JOF), whi le at the 
30 m inute detention time the mean tem perature increase was 0.840C ( 1 .5°F). 
Stoebner  ( 1 27 )  reported sim i lar  findings. 
2. E!i 
Since pH values are logarithmic they cannot be analyzed directly,  but m ust 
be converted to an ar ithmetic scale. As presented in e quation 1 6, pH can be 
de fined as the negative logarithm of the hydrogen ion concentration. 
pH = -log 1 0  (H+) 
H+ = 1 0  exp (-pH) 
( 1 6) 
( 1 7) 
Rearranging equation 1 6  to solve for H +, equation 1 7  can be used to 
convert all  of  the pH values to hydrogen-ion concentration. These hydrogen-ion 
concentrations are tabulated in Tables D-5 and D-6 of Appendix D.  The 
hydrogen-ion concentrations were then util ized as a basis for statistical analysis. 
The mean hydrogen-ion concentration for the groundwater was 1 .766x l o-7 . 
The m ean hydrogen-ion concentration for the filter eff luent was 0.8 1 2x 1 o-7 � 
Figure 20  presents the filter effluent pH as  a function of  applied ozone dosage 
for the various contact colum n detention times .  At zero ozone dosage (aeration 
only),  pH increased with an increase in detention time .  One possible explanation 
is that as the raw groundwater was aerated , carbon dioxide was stripped in the 
contact colum ns, resulting in a rise in pH.  As the detention time increased , 
greater amounts of ca rbon dioxide were re leased.  In the f ilter  effluent, the pH 
d ropped sharply as the ozone dosage increased from 0 to 4 m g/1 and declined 
slightly or  remained constant with further increases in ozone dosage. Analysis of 
variance of the data, presented in Table D-7,  confi rmed that a significant 
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d ifference (5 percent level) existed between the .mean hydrogen-ion 
concentrations at the various ozone dosages for the filter effluent. 
Stoebner ( 1 27)  hypothesized that the drop in  pH, as  a result of an increase 
in  ozone dosage , occurred because ozone has a greater a ffinity for hydroxy l  ions 
(OH-) than does oxygen.  -Reduction of the hydroxyl ion concentration in  water 
wil l  result in lowering the pH. Ozone m igh t a lso act upon the organic precu rsors 
to produce organic acids which would tend to lower pH. 
Figure 2 1  graphica lly presents the changes in pH wh ich occurred as water 
flowed through the pilot plant at the various detention times. At a detention 
time of 5 m inutes, the pH increased to an approxima te va lue of 7 .04 .  At a 
longer  detention time of  30 minutes, the pH increa sed to a value of about 7 . 1 7. 
D.  Ch lorine Dem and 
The ch lorine demand was determined for each of the pilot plant runs and is  
presented in Table E- 1  of Appendix E.  Analysis of variance of the data , 
presented in Table E-2 ,  confirmed that a significant difference (5 percent  level) 
e xi sted between the -mean ch lor ine dem and and the ozone dosage . Detention 
time was shown to have no significant effect on ch lorine dem and . 
The mean ch lor ine demand of the raw groundwater  was approximately 6.0 
m g/1. A chlorine demand reduction of 25 .7 percent was achieved by aeration 
onl y .  Since a major portion of the ch lor ine demand is exerted by iron and 
m anganese , as  well as trace quantities of  organics, sim ple aeration could account 
for a sign ificant ch lorine demand reduction. An ozone dosage of 2 m g/1 further 
decreased the chlorine dem and another 6.6 percent for a tota l reduction of  32 .3  
percent .  At an ozone dosage greater than 2 m g/1 there appears to be little 
addi tiona I chlorine demand reduction. 
Figure 2 1 .  Filter e ffluent pH versus detention time 
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The Sioux Falls Water Purification Plant ch lorine dosage during this 
investigation was a total of  8 . 5  m g/1. A prech lorination dosage of approximately 
2.5 m g/1 w·as added to the incoming raw groundwater and a final chlorine dosage 
o f  6 m g/1 was added pr ior to the multi-media filtration proc�ss. The mean pilot 
plant  ch lorine demand of the 66 runs was 4 . 1 m g/1. Based on a distribution 
system ch lor ine residual of  2.0 m g/1, the m ost likely ch lor ine dosage for the 
Sioux Falls Water  Purification Plant operating with a 2.0  m g/1 preozonation 
treatment step would be approximately 6 . 1 m g/1. Thus ,  a preozonation 
t reatment step would reduce the chlor ine demand by  2 .4  m g/1 or approximately  
2 8 . 2  percent.  Based upon the average daily pum page of  15  m il lion ga llons per 
day ,  chlorine usage could be reduced by 54.8  tons per year .  
E. Bacteriologica l Quality 
During this portion of the investigation, nine (9) water sam ples (three raw 
water ,  three contact colum n,  and three filter  eff luent) were analyzed for 
bacteriological quality. The ozone pilot plant was operated at 2 m g/1 applied 
ozone dosage with a ) minute detention time.  The resu lts of the bacteriologica l 
study a re presented in Table 6. 
The raw water had a bacterial  density ·of 6, 1 00 colony form ing units (CFU) 
per 1 00 m l  and tested negative for coliform bacteria in the presum ptive lactose 
broth test.  The ozonized contact colum n effluent  showed no ev idence of  
bacterial  presence. 
The filter e ff luent sam ples e xhibited unique results. Sam ple No. 1 was 
taken a fter a three week lapse in the operation of the pilot plant. Results 
showed the presence of  a large population of organisms which were probably 
present  and growing within the filter media. Prior to taking sam ple Nos. 2 and 3, 
Table 6. Bacteriologica l study resu lts 
TYPE OF MEDIA BHI 
� Sam ple Size , m l  1 0 . 0  1 . 0 0 . 1 
UJ 
1- Sam ple No. 1 300 63 1 9  cC 
� 0 Sam ple No. 2 300 67 1 7  z :J 0 Sam ple No. 3 300 52 1 0  � () 
Slt Mean 300 6 1  1 5  , <  c:t 
CFU per 1 00 m l  6 '  1 00 
� Sam ple Size , m l  1 0 . 0  1 . 0 0 . 1 0 
1- Sam ple No. 1 0 0 0 u cC ... Sam ple No. 2 0 0 0 z 0 u Sam ple No. 3 0 0 0 uJ z 0 Mean 0 0 0 N 0 
CFU per 1 00 m l  0 0 0 
Sam ple Size , m l  1 .  0 0 . 1  0 . 0 1  
1- Sam ple No. 1 300 1 02 9 z < Sam ple No. 2 0 0 0 ..J 
0.. 
.... Sam ple No. 3 0 0 0 0 
..J 
0:: Mean 300 34 3 
CF U per 1 00 m l  34 , 000  
--
LACTOSE BROTH 
1 0 . 0  1 . 0 0 . 1 
( - ) ( - ) ( - ) 
( - ) ( - ) ( - ) 
( - ) ( - ) ( - ) 
N/A N /A N/A 
1 0 . 0  1 .  0 0 . 1 
( - ) ( - ) ( - ) 
( - ) ( - ) ( - ) 
( - ) ( - ) ( - ) 
N/A N/A N/A 
1 .  0 0 . 1 0 . 0 1  
( + ) ( + ) ( + ) 
( - ) ( - ) ( - ) 
( - ) ( - ) ( - ) 
N/A N/A N/A 
E M B  
1 0 . 0  1 .  0 
1 0 . 0  1 .  0 
1 .  0 . 0 . 1 
88 5 
0 0 
0 0 
86 5 
8 ,700 
0 . 1  
0 . 1  
' . , t 
0 . 0 1 
1 
0 
0 
1 
'J 
'J 
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the filter was  a l lowed to  receive ozonized water for 2 to 4 hours, was 
backwashed , and was allowed to rece ive ozonized wate r for another 1 to 2 hours. 
Sam ple Nos. 2 and 3 e xhibited no a pparent bacterial populations. The 
diffe rences between Sam ple No. 1 and Sam ple Nos. 2 and 3 of the fi lter effluent 
substantiate that ozone, unlike chlorine , provides no residual disinfection 
capabili ties. 
F .  Triha lomethanes  
The trihalomethane investigations were div ided into three segments: ( 1 )  
p relim inary  triha lomethane studies; (2) ozone pi lot plant studies, and (3) Sioux 
Falls Water Pur ification Plant treatment process m odification studies. The 
results of these investigations are presented in Appendix F. 
1 .  Prelim inary Studies 
Pre lim inary  studies began by determining the background TH M leve ls in the 
raw groundwater. Four raw groundwater sam ples were analyzed over a one­
m onth period for ch loroform (CHC l J) ,  brom odich lorom ethane (CHC l 2Br ) ,  and 
dibromochloromethane (CHC 1 Br2) .  All  th ree raw groundwater sam ples had 
values below the detectable lim its for the three T H M species. the results are 
sim ilar to those reported by Bellar ,  et al  ( 1 1 )  and Stoebner  ( 1 27). Groundwater 
supplies are typicall y  low in organics and natura l ly occurring ch lorine com pounds 
and there fore do not exhibit high background T H M levels. 
2. Ozone Pilot Plant Stud ies 
Instantaneous THM formation levels follo�ing pilot plant ozonation and 
filtration are presented in Table F- 1 .  Com pa red to aeration only (0 m g/1 ozone 
dosage) ,  a 2 m g/1  ozone dosage reduced the m ean instantaneous TH M formation 
by 66.3  percent. A 4 m g/1 ozone dosage resulted in a mean instantaneous THM 
7 9  
reduction of  only 50.2 percent com pared t o  aeration. · · The apparent reduced 
e ffectiveness of  the 4 mg/1 ozone dosage compared to the 2 m g/1 dosage may be 
a result of the higher ozone dosage altering the nature of the organic precursors 
so that they  react m ore easily and rapidly in the ch lor ination process. It  appears 
that a "th reshold" e ffect occurred, whereby ozonation is e ffective up to a given 
dosage . Once the "th reshold dosage" is e xceeded, the e ffectiveness of ozonation 
is decreased. Of the 1 5  runs conducted to determ ine ozone pilot plant 
instantaneous THM,  ch loroform was the most prevalent TH M species detected .  
Bromodichlorome thane was found at a detectable level  in only one sam ple , while 
dibrom ochloromethane was not found in  any sam ple .  
Due  to  the undetectab le background levels of TH M's and anticipated low 
organic precursor levels, as we ll as the findings of Stoebner ( 1 27)  for the Big 
Sioux aquifer ,  a preliminary study of TH M formation potential was conducted for 
a 2 m g/1 ozone dosage at a 5 minute detention time. Four sam ples ove r  a one 
m onth period were treated with the ozone pilot plant,  dosed with ch lorine, 
allowed to react for 1 32 hours (5Y2 days), fixed , and analyzed for THM's. The 
results a re presented in Table F -2. Bromodichloromethane was the most 
prevalent  THM species, followed by chloroform and dibromochloromethane. 
Based on the preliminary findings, the pilot plant was again operated at  a 2 
mg/1 ozone dosage at a 5 m inute detention time. A treated . sam ple was 
collected ,  fixed to stop the haloform reaction , and ana lyzed so that  a series of 
reaction rate . curves could be generated for each of the THM species. The 
· react ion rate data a re presented in Table F -3 and plotted in Figure 22.  
Using the da ta presented in  Table F -3 ,  a least-squares curve fitting 
procedure was utilized to analyze the data. The general equation for the 
haloform reaction is :  
-
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Figure 22. Ozone pilot plant trihalom ethane c o nce ntration ve rsu s  tim e  
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where • • •  
y = THM concentration formed in time interval (t) 
L = ultimate T H M  concentration 
k = Base 1 0  reaction - rate constant 
t = time interval in hours. 
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( 1 8) 
The cu rves for the three THM species for the ozone pilot plant stud ies  can 
be described as follows: 
chloroform : 
bromodich loromethane:  
dibromochloromethane : 
y = 23 .7 m g/1 ( 1  - I o-O.O l 45t) 
y = 30.9 m g/1 ( l  - 1 o-0.0059t) 
y = 1 4. 9  m g/1 ( 1 _ I o-0 .0098t) 
( 1 9) 
(20)  
(2 1 ) 
By a llowing the time interval to approach infinity {t -+ oo  ), the theoretical 
u ltimate T H M  concentration (L) can be ca lcu lated .  The theoretica l u l timat_e 
T H M  levels for the ozone pilot plant studies were 23.7  ll g/1 for ch loroform·, 30.9 
llg/1 for bromodich loromethane, 1 4 . 9  llg/1 for dibromoch loromethane . The 
theoretical u ltimate TTH M concentration would then be 69 . 5 llg/ l .  
3 .  Sioux Falls Water Purification Plant Studies 
The Sioux Falls Water Purification Plant studies  were divided into two 
categories: { 1 ) the plant operating with prech lor ination/postch lor ination 
treatment steps, and {2) the plant operating with the postchlorination treatment 
step only.  Instantaneous TH M's were dete rm ined  for the raw groundwater , 
prechlorinated water ,  solids contact basin water ,  recarbonated water ,  and 
· filtered water.  Treated water from the clearwell  was sam pled and allowed to 
react for 1 32 hours with sam ples being taken ,  fixed, and analyzed for T H M's 
ever y  1 2  hours. Five sam pling stations located near  the outreaches of  the 
distr ibution system were also sam pled , fixed , and analyzed for THM's. 
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Instantaneous T H M  concentration levels following each major treatment 
step were determined for both : when the prech lorination/postch lor ination 
ope rating m ode was uti lized and when the postchlorination only mode was 
utilized.  Table F-4 presents the instantaneous THM data for the Sioux Fa lls 
Water Purification Plant. THM's -were below detectable levels in the raw 
groundwater ,  prech lorinated water ,  a!ld solids contact basin water for each of  the 
two plant operating m odes. Detectable THM levels first appeared in the 
recarbonated water in the postch lorination operating m ode in which ch loroform 
at a mean concentration of  4.7 11g/l was the only detectable TH M species. 
Finished water sam ples showed detectable TH M leve ls for ch loroform and 
b romodichlorom ethane for both ope rating modes. The mean 
prech lor ination/postch lorination operating m ode filtered water TH M levels were 
1 0 . 5  11g/l of  chloroform and 4.0 11g/l for b romodichloromethane. The mean 
postch lor ination operating mode filtered water T H M  leve ls were 1 7. 6  llg/1 for 
chloroform and 5 . 1 11g/l for bromodichloromethane . 
Based upon the data it would appear that  the ch lorinated THM species are 
the first to form , followed by the brom inated species. THM formation occurred 
.only  a fter ch lor ine addition, raising of the pH in the solids contact basins to 
approximately 1 0 . 5 ,  pH adjustment (recarbonation) to a final value of 9 .0  - 9.2 in 
the finished water ,  and prov isions for sufficient reaction time · through the 
treatment  process. 
A finished water sam ple was collected at the Sioux Fal ls Water 
Pur i fication Plant while operating in the prech lorination/postchlorination 
treatment  m ode . Every 1 2  hours a subsample was collected , fixed to stop the 
ha loform reaction and analyzed so that a series of reaction rate curves could be 
generated for each of the THM species. The react ion rate data are presented in  
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Table F -4 and presented graphically in Figure 23. Using the least squares curve 
fitting procedure , the curves for the three TH M species can be descr ibed as 
follows: 
ch loroform : 
b rom odich lorom ethane : 
dibromoch loromethane : 
y = 4-8 .3  m g/1 ( 1  - 1 o-0.0 1 1  Ot) 
y = - 27.9 m g/1 ( l  _ l o-O.O l 43t) 
y = 1 5 . 1 m g/1 ( 1  _ I Q-0.0067t) 
(22) 
(23) 
(24) 
By allowing the time interval to approach infinity (t -+ co  ), the theoretica l 
u lt imate T H M  concentrations (L) are 48 . 3  llg/1 for ch loroform , 27 .9 11 g/l for 
brom odichloromethane , and 1 5. l llg/l for dibromochloromethane . There fore, the 
theoretical ultimate TTH M concentration wou ld then be 9 1 .3 1-lg/l. 
Approximately 1 32 hours after the initial finished water sam ples were 
collected , the distribution system was sam pled at five locations throughout the 
City of  Siou x Falls. The results of the distribution system THM sam pling are 
presented in Table F-6. Distribution system TH M levels  ranged from a low mean 
value of 2 1 .9 llg/l at  sam ple point J2 (26th Street and Sycamore) to a high mean 
value of 9 1 . 4 llg/l at sample point J5 (4200 South Minnesota Avenue).  All sam ples 
were below the M CL to 1 00 llg/1 for TTH M's. 
Following sam ple col lection with the Siou x Falls Water Purification Plant 
operating in  the prechlorination/postchlorination m ode , the treatment process 
was altered to a postch lorination only operating mode . A finished water sam ple 
was collected and every 1 2  hours a subsam ple was taken, fixed to stop the 
haloform reaction, and analyzed for TH M's. The reaction rate data are 
. presented in  Table F -7 and plotted graphical ly  in Figu re 24. Using the least 
squares cu rve fitting procedure , the curves for the three THM species can be 
desc ribed as follows: 
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ve rsus time when operating in the postchlorination treatment mode 
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chloroform : 
bromodich loromethane : 
dibromochloromethane: 
y = 49 .4  m g/1 ( 1 _ l a-0•0 1 40t) 
y = 28 .3  m g/1 ( l  _ 1 o-0.0225t) 
y = 1 6 . 1 m g/1 ( l - 1 Q-0.0 1 24t) 
86 
(25) 
(26) 
(27) 
By  a llowing the time interval to approach infinity (t + oo ), the theoretical 
ultim ate T H M  concentrations (L) are 49 .4  l-l g/1 for chloroform , 28.3 l-lg/1 for 
brom odichloromethane, and 1 6. 1  l-lg/1 for d ibromochloromethane. Therefore , the 
theoretica l ultimate TTHM concentration would be 93.8 l-lg/l. 
Approximately 1 32 hours after the initia l  finished water samples were 
collected , the distribution system was sam pled in the same  five locations as 
before. The results of the distribution system THM sam pling are presented in  
Table F-6. Distribution system THM levels  ranged from a low mean value of 
42 . 1 11g/l at sam ple point J 4 (1 00 East 4 1 st Street) to a high mean value of 1 04.8 
}.lg/1  a t  sam ple point J7 (280 1  Valley View Road) .  The mean THM value for 
sam ple point J5 was 1 00.4 1-lg/1. Therefore , both sam ple point J5 and J7 exceeded 
the MCL of 1 00 11g/l for TTH M's. 
4. Comparison of Results 
The instantaneous tr ihalom ethane results for the ozone pilot plant studies 
. and the Sioux Falls Water Purification Plant studies indicate that chlorinated 
TH M species are the first to occur in the haloform reaction . One hypothesis is 
that  ch lorine , having a higher oxidation potential than brom ine, i s  able to react 
with the organic precusors at a faster rate. 
Com pa rison of  the reaction rate curves  shows that  bromodich loromethane 
· would theoretically be the m ost prevalent THM species expected in an 
o·zone/direct filtration pilot plant treatment system . However ,  the reaction rate 
(k) for the bromodichloromethane is the slowest of  the three THM species. In 
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the Siou x Falls Water Purification Plant s tudies, · both prechlorination/ 
postch lorination operating mode and the postch lorination operating mode 
reaction rate curves showed that chloroform would theoretically be the m ost 
prevalent T H M  species, while bromodichloromethane had the highest reaction 
rate. One possible explanation for the ozone pilot plant and water pu rification 
plant T H M  species difference is that the ch lorine source
. 
was different  for the 
ozone pilot plant studies and the Sioux Falls Water Purification Plant studies.  
The ozone pilot plant studies util ized a commercially available liqu id chlor ine 
bleach while the water plant utilized gaseous chlor ine. The liquid bleach may 
have contained im purities and a h ighe r f raction of  bromine com pounds than the 
chlorine gas. 
F igure 25 presents a com posite of the reaction rate curves for the TTH M's 
of the ozone pilot plant study and the two Sioux Falls Water  Purification Plant 
operating modes. The ozonation of  the raw_ groundwater  with direct filtration 
resulted in a 25 .7  percent decrease in the theoretical ultimate TTHM formation 
as com pared to the two treatment modes for the Sioux Falls Water Purification 
Plant. There was virtually no d ifference in the theoretical TTH M  values for the 
Sioux Falls Water Purification Plant fin ished water ,  although the 
prechlorination/postchlorination operation mode did show an average 3.3  percent  
TTH M  decrease as com pared to  the postchlor ination only  operating mode. 
Evaluation of the Sioux Falls distribution system TTH M levels showed 
varied resu lts. City records indicate that the distribution system TTH M  levels 
· consistently meet the 1 00 llg/1 MCL if the p lant is  operated in the 
prech lorination/postch lorination mode. When the plant was operated in the 
postchlorination only mode , the d istribution system TTH M  values a lmost a lways 
had several samples exceed the 1 00 11g/l  MCL. During the course o f  this · 
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investiga tion , the prechlorination/postch lorination operating mode resu lted in  no 
distribution system samples exceeding the 1 00 � g/1 MCL. However,  when the 
plant was operated in the postch lorination only m ode , two sam ple points (J 5  and 
J7) a lways  exceeded the 1 00 �g/1 MCL. The refore , the results of  thi s  
investigation are consistent with those reported b y  the City. 
F igure 26 graphical ly presents the mean TTH M  distribution system data. 
These results d iffer radically  from those reported by others ( 1 3)( 1 7)( 1 25) in which 
the e l imination of  the prech lorina tion treatment step sign ificantly reduced 
finished water TTH M leve ls. One possible explanation is that the 2 .5  m g/1 
prech lorination dosage wh ich is added to the raw groundwater prior to lim e 
softening in  the solids contact basins acts as a flocculant aid. V isual observation 
of  the l ime f loc partic les indica ted that a much m ore dense lime sludge b lanke t 
form ed i f  a 2 .5  m g/1 ch lorine dosage was added to the raw groundwater. A more 
dense sludge blanket would tend to capture m ore col loidal rna terials and natural 
organic precusors present in the raw groundwater. This assumption could be 
verif ied by analysis with a total organic carbon (TOC) analyzer to determine 
what fraction of organic carbon, i f  any, would be rem oved in the solids contact 
process. Also, since the 2.5 m g/1 prechlor lna tion dosage is  less than the ch lor ine 
de mand (6 .0  m g/1) o f  the raw groundwater ,  f ree available chlorine would not be 
readi ly  avai lable for the haloform reaction .  
The TTH M  variations found in the d istribution system are most l ikely  due 
to treatment m ode , sample location , and the relationsh ip of detention time and 
· the additiona l chlor ine dosage at several locations to maintain system ch lorine 
residua ls. Table F-8 presents an analysis of  variance of the mean TTHM 
concent rations for the five sam ple locations and the two treatment modes. The 
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results indicate tha t both sam ple location and treatment mode di fferences a re 
signi ficant  at  the 5 pe rcent level .  
G. Cost  of  Ozona tion 
The tota l cost of  an ozonation system can be separated into capita l  cost 
and operating cost . The capital  cost consists of  the construc tion cost of  the 
ozone genera tion system , ozone contact cham ber,  sitework, yard piping, 
earth work,  general contractor overhead and profit, engineering, lega l and 
administration , a nd interest during construction. Operating costs consist of 
yea r ly e xpenditures for energy ,  labor and m aintenance m a ter ials. 
Based upon the investiga tions desc ribed hereinbefore , an ozone system 
capa ble of furnishing a 2 mg/1 ozone dosage and a contact chamber designed for 
a 5-minute detention time at  peak design flow would be required. Util izing the 
peak design capacity  of the Sioux Fa lls Water Purif ication Plant of  1 96 ,820 
m 3/day (50  MGD),  an ozone generator capacity of  408  kg/day (900 lb/d) and a n  
ozone .contact chamber volume o f  680 m 3 (2 4 , 1 40 c u  ft) would b e  required .  
A com puter program (WATER CO$T) by Culp-Westner-Culp Consulting 
Engineers  and Tech nicomp,  Inc. was uti l ized for estima ting capital costs and 
ope rations costs. These cost estimate s  have a relative accuracy of plus or  minus 
1 5  percent.  At generation rates greate r  tha n  45.4 kg/d ( 1 00 lb/d) , pure oxygen 
generate d  on-site is considered m ore cost-e ffective for ozone generation. The 
equipment  costs for ozone generation inc lude the gas p reparation equ i pmen t ,  
oxyge n  generation equipment,  the ozone genera tor including 1 00 percent standby 
· capabil ity,  dissolution equipment,  off-gas recycling equipment,  e lectrical 
switchgear and instrumentation,  and all safety  and m onitoring equipment.  Al l  
ozone generation equ ipment was housed , however al l  oxygen generation 
equipment was located outdoors on a conc rete slab. The ozone contacting 
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cham ber  would consist of a covered,  re in forced concrete structure with an  
operating l iqu id depth of 1 8  feet and a length-to-width ratio of approximately  2 
to 1 . Pa rtitions wou ld be ut ilized within  the ozone contac ting cham ber to assure 
u niform flow d istribution and to allow 50 percen t  of  the chamber  volume to be 
taken ou t of  serv lee for
· 
maintenance purposes without affecting treatment 
during normal  demand per iods.  Capital  cost fac tors
. 
lnclu.d ing current (February  
1 98 7) construction cost indices are presented  in  Table 7 .  
E lectr ical  energy costs for ozone generation (oxygen generation , ozone 
production , and ozone dissolution) as well as building heating, cooling and 
l ighting were based upon 1 6 . 5  kW -hr /kg (7 . 5  k\V -hr /lb) of ozone produced .  Unit 
cost factors  are a lso presented in  Table 7.  
The results of  the construction cost and operating cost analyses are 
presented in Table 8. From th is sum mary it can be seen that the total 
construction cost for the ozona tion system .was estimated to be approximately 
$ 2 , 4 0 3,000 .  Furthermore ,  the annual operating, ma intenance, and replace ment 
(O M & R) cost was estimated to be approximately $68,840 per year.  
U t il izing the estim ated construction cost and assuming a repayment period 
. of 20 years ,  the annua l repayment of the construction cost was determ ined for a 
range of  inte rest rates. Next,  by adding the annual operation,  maintenance, and 
replace m en t  cost to the annual repayment  for construction cost, the tota l  annual 
cost for ozonation was determ ined. By knowing the total annual cost and the 
average dai ly  water flow rate through the treatment plant ,  the cost per 3 .79 m 3 
( 1 ,000  gal) was obtained. The present  worth of  the construction cost and the 
operation , maintenance , and rep lacem ent  cost for each interest rate was a lso 
determined  and is presented in Table 9 .  The calcu lations u tilized in the analyses 
as  we l l  as the com puter printouts for each interest rate are presented  in  
Appendix G.  
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Table 7 .  Capita l  cost factors,  construction cost indices ,  and unit cost factors 
1 .  Capital  Cost Factors 
a .  Enginee ring (%) - 1 0  
b .  Sitework and yard piping (%) - 20 
c .  Excavation (%) - 5 
d .  Standby power (%) - 0 
e .  Num ber  of years - 20 
f .  Land cost ($/acre) - 0 
2 .  Construction Cost Indices 
a. Gen Purp Mach BLS 1 1 4 - 323 .8  
b .  Concre te BLS 1 32 - 338.4  
c .  Stee l BLS 1 0 1 7  - 346 .4  
d .  Ski l led Labor ENR US AVE R A GE - 380 . 1 
e .  Pipe /Va lves  BLS 1 1 49  - 347 . 7  
f. Electrical BLS 1 1 7 - 256. 7 
g.  Housing ENR BLDNG COST - 36 1 .0 
h .  Housing $/SQ FT - 1 50 . 0  
i .  P roducer PRICE INDE X - 292 .3  
3 .  Unit  Cost Factors 
a .  E lectr ic ity ($/k W -hr) - 0 .06  
b .  Labor ($/hr) - 1 4 .00  
c .  Diese l  fuel ($/ga l) - 1 . 2 5  
d .  Natura l gas ($/cu ft) - 0 .0065  
e .  Building ene rgy use (kW-hr/sq ft/y r) - 1 00 
Note : A l l  va lues are based on February 1 98 7  figures. 
Table 8. Ozonation system construction and operating costs 
Parameter 
Ozone Generation System 
Ozone Contacting Cham ber 
Si tework and Yard Piping 
E xcavation 
General  Contractor Overhead and Profi t  
Engineer ing 
Lega l  and Administration 
Total Capita l  Cost 
Parameter  
E lectrical  Energy 
Labor 
Maintenance Materials 
Tota l O M & R  Cost 
Cost 
($) 
1 , 460 , 300 
82 , 600 
308 , 600 
77 ' 1 00 
23 1 , 400  
2 1 6 , 000  
27 , 000  
2 , 40 3 , 000 
Cost 
($/yr) 
50 , 57 0  
1 0 , 33 0  
7 , 940 
68 , 840 
9 4  
Note : A l l  ca lcu lat ions were based upon a m a ximum design flow of 5 2  MGD except 
for e lectrical energy costs which were based upon 1 5  M G D. 
Table 9. Present worth of ozona tion at various interest rates 
Interest Present Present 
Rate Worth Worth 
of Capita l of OM&R 
Cost Cost 
(i%) ' ($) ($) 
6.0  2, 5 1 2 ,200 789 , 600  
6 . 5  2, 5 2 1 ,000 7 58 , 50 0  
7 . 0  2 ,530 ,400 729 ,300 
7 . 5  2, 539 , 500 70 1 ,800 
8 .0  2 ,548 ,600 67 5 ,900 
8 . 5  2 , 557 ,700 65 1 , 50 0  
9 . 0  2 ,566,800 628,400 
9 . 5  2 ,57 5 ,900 606 ,600 
1 0 .0 2 ,58 5 ,000 586, 1 00 
1 0 . 5  2 ,594 , 1 00 566 ,600 
1 1 .0 2 ,60 3 ,200 548 ,200 
1 1 . 5  2 ,6 1 2 ,300 530 ,700  
1 2 .0  2 ,62 1 ,400 5 1 4 , 200 
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Total 
Present 
Worth 
($) 
3 , 30 1 ,800  
3 , 279 ,800  
3 , 2 5 9 ,700 
3 , 2 4 1 , 300 
3 , 224 , 500 
3 ,209 ,200 
3 , 1 9 5 ,20 0  
3, 1 8 2 , 50 0  
3, 1 7 1 ' 1 00 
3, 1 6 0 , 700  
3 , 1 5 1 ,400 
3 , 1 43 ,000 
3, 1 35 ,600 
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Table 1 0 .  Total  annual cost for ozonation at  various  interest rates 
Interest Annua l Annual Total OM&R Annual Total 
Rate Repayment of OM&R Annual Cost Per Repayment Annual 
Construction Cost Cost 1 ,000 Gal Per 1 , 000 Cost Per 
Cost Gal 1 , 000 Gal 
(i%) ($/yr) ($/yr) ($/yr) (¢) (¢) (¢) 
6 .0  209 , 500 68,840 278 ,340  1 . 26  4.00 5 .26 
6 . 5  2 1 8 ,090 68 ,840  286 ,930 1 .26  4 . 1 8  5 .44  
7 .0  226 ,830 68 ,840  295 ,670  1 . 26  4 .36  5 .62  
7 .5  235 ,720 68 ,840  304 , 56 0  1 . 26  4 .55  5 .8 1 
8 .0  244 ,7  50 68 ,840 3 1 3 , 590  1 . 26 4.74 6.00 
8 . 5  2 53 ,930 68 ,840 322 ,770  1 . 26  4 .94 6. 1 9  
9 . 0  263 ,240  68 ,840  332 ,080  1 . 26  5. 1 4  6 .39 
9 . 5  27 2 ,680 68 ,840  34 1 , 5 20 1 . 2 6  5 .34 6 .60 
1 0 .0  282 , 260 68,840 35 1 , 1 00 1 . 26  5 . 55 6.80 
1 0 . 5  29 1 ,950 68 ,840  360 , 7 9 0  1 .26  5 .76  7 .0 1 
1 1 .0  30 1 ,760 68 ,840  370 ,600 1 . 26 5 .97 7 .23  
1 1 . 5  3 1 1 ,680 68 ,840 380 , 5 20 1 . 26  6. 1 9  7 . 4 5  
1 2 . 0  3 2 1 ,7 1 0 68 ,840  390 , 5 5 0  1 . 26 6. 4 1  7 .67 
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As presented in Table 10,  the operation , maintenance, and rep lacement  
cost was estimated to  be  1 . 26¢ per 3 .79 m 3 ( 1 ,000 ga l) wh i le the tota l annua l 
cost per 3.79 m 3 ( 1 ,000 ga l) ranged from 4.00¢ at  a 6 percent interest rate to 
6.4 1 ¢ at a 1 2  percent interest rate . At  a 6 percent  interest rate , O M & R  costs 
per 3 . 79  m 3 ( 1 , 000  gal) account for 24. 0  percent of the total, whi le at a
-
1 2  
percent  interest rate , O M & R  costs per 3 .79 m 3 ( 1  ,000 gal) account for only 1 6 . 4 
percent of  the total .  Thus,  as the interest rate increases,  the 0 M&R expenses  
become  a smal le r  fraction of the tota l cost . 
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V.  CONCLUSIONS 
Based on the results of this investigation, the following conclusions are 
made:  
1 .  The transfer efficiency of the ozone contacting system decreased 
significantly with increases in ozone dosage , however detention time had 
no significant  e ffect on transfer efficiency.  
2.  The tem perature of the water was not affected by ozone dosage , but did 
increase wi th increased detention times. 
3. The pH tended to decrease slightly with increased dosage at any given 
detention time .  The pH generally increased as the water flowed th rough 
the pi lot plant as a result of carbon dioxide l iberation, primari ly due to 
aeration. 
4. Ozona tion of the groundwater resu lted in  a 28 . 2  percent reduction in the 
chlorine demand of the water (8 . 5  to 6. 1 m g/1). Based on a full sca le 
system , oZOf.la tion wou ld preclude the need for 54.8  tons/yr of ch lor ine 
based upon a projected average flow of 1 5  M G D. 
5 .  Ozonation proved to  have good bactericida l  characteristics, but provided 
no residual p rotection. 
6. The raw groundwater had no detectable THM levels and THM's were 
formed during the water purification process. 
7 .  Ozona tion and direct filtration were capable of p roducing a finished water 
well  below the 1 00 llg/1 MCL for TTH M's. 
8.  Operation of the Sioux Falls Water Purif ication Plant in the 
prechlorination/postch lorination mode was m ore e ffective in lim iting THM 
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formation in the distribution system than was operation in the 
postch lorination only mode . 
9 .  Based upon an  average da i ly flow of  1 5 .0  M GD, the optimum dosage (2 
m g/1) is equivalent to 250 lbs 03/day .  A ful l-scale ozonation system should 
have the capacity to prov ide 2 m g/1 at design flow (52  M G D) .  Three (3) 
units capable of  p rov iding 450 lbs/day each would be specified. 
1 0 . Based upon February  1 987  prices,  the operation and maintenance cost of an 
ozona tion system for the City of Sioux Falls was estimated to be 1 .2 6¢ per 
3.79 m 3 ( 1 , 000 gal) . At an interest rate of  8 percent :  l )  the annua l 
repayment cost per 3.79 m 3 (l ,000 gal) was 4.7  4¢, and 2) the tota l annua l 
cost was estimated to be 6.00¢ per 3.79 m 3 ( 1 ,000 ga l). 
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VI. RECOMMENDATIONS FOR FUTURE STUDIES 
The following recommendations are made for future studies involv ing the 
ozone pilot plant and the Sioux Fal ls  Water Purification Plant:  
1 .  Since the cost o f  energy is a ma jor factor i n  a n  ozona tion system , i t  would 
be interesting to study the energy e fficiency of the pilot plant. This could 
be accom plished by incorporating a recording watt meter into the system . 
2.  Since the pilot plant experienced diffuser plugging problems ,  it wou ld be 
interesting to study other types of diffu sers for u se with ozona tion.  
3.  The results of  th is study indicated that ozonation was e ffect ive in reducing 
the ch lorine demand of groundwater .  It wou ld be interesting to study the 
e ffect of ozonation on ch lorine demand of the Sioux Falls Water  
Purification Plant wh ile ut ilizing  i t s  surface intakes from the Sioux River  
diversion channel. 
4. It wou ld be interesting to determine the precusor rem oval  in the so lids 
contact process using a tota l organic carbon (TOC) analyzer .  
5 .  Since chlor ine appeared to  be  acting as a flocculant  aid , it  would be 
interesting to study the effects of preaeration or permanganate (K Mn 04) 
addition in lieu of prechlorination on the distribution system TTH M  levels. 
1 0 1  
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APPENDIX A 
PILOT PLA NT EXPERIMENTAL CALCULATIONS 
PILOT PLANT EXPERIMENTAL CALCULATIONS 
A.  Ozone Concentration 
C _ 
Wt 03 
- v 
where : C = ozone concentra tion (m g  03/l gas) 
W t  03 = we ight of  ozone trapped i n  the potassium iodide 
solution (m g) 
V = volume of  gas that passed th rough the wet-test m eter 
corrected to standard tem perature and pressure 
Wt 03 = (N) (m l  titrant) (24) 
whe re : N = normality of sodium thiosulfate solution 
where :  V = volume of  gas tha t  passed through the wet-test meter 
cor rected to standard tem perature and pressure 
V 1 = actual  volume of  gas that passed through the wet-test 
meter (liters) 
1 2 1 
P 1 = ad justed pre ssure = atmospheric pressure + wet-test 
meter manomete r  deflect ion - water vapor pressure = _ 
em H20 
P2 = standard pressure = 1 atm osphere = 1 , 033 em H20 
T 1 = room tem peratu re = __ 
oc + 273 = _ OK 
T 2 = standard tem perature = 25°C + 273 = 298
0K 
B .  Gas F low Rate 
where : Qg = gas flow rate corrected to standard  tem pe rature and 
pressure (slpm) 
Q 1 = actua l gas flow rate ( l pm ) 
P3 = gauge backpressure + barometric pressure (m m  Hg) 
P4 = · ca libration gauge pressure + standard pressure = 7 7 6  mm 
Hg  + 7 60 mm Hg = 1 , 536  m m  Hg 
T 1 = room tem pe ratu re = _°C + 2 7j = _ °K 
T 2 = standard tem perature = 2 50C + 273  = 298°K 
T3 = calibration tem perature = 2 1 oc + 273  = 294°K 
C.  Ozone Mass Flow Rate 
W = (Qg)(C) 
60 m in x g 
= (0.06)(Qg)(C) 
hr  1 ,000 m g  
where : W = ozone mass f low rate (g/h r) 
Og = gas flow rate (slpm) 
C = ozone concentration (m g  03/ 1 gas) 
D .  Transfer Eff ic iency 
E = ( 1 00)(\Vi - W0)/Wi 
wi = (0 .06)(Qg)(c1) 
W 0 = (0 .06)(Qg)(C0) 
where : E = ozone transfer eff ic iency (percent) 
1 2 2 
Wi = mass f low rate of  ozone ente ring the contact columns v ia 
the contacting gas (g/h r) 
W0 = mass flow rate of ozone leaving the contact colu m ns v ia 
the off-gas (g/h r) 
Qg = gas flow rate (slpm) 
C1 = ozone concentration in  the contacting gas (m g  03/I a i r) 
C0 = ozone concentration in  the off-ga s (m g  03/l air) 
E .  Applied Ozone Dosage 
where : D = applied ozone dosage (m g  OJ/I H20) 
Ci = ozone concentra tion in  the contacting gas (m g  03/l air) 
Qg = ozonized a i r  f low rate (slpm ) 
Ql = water f low rate (lpm) 
F.  Ozone Residual  
OR = W� 03 
0 
Wt  OJ = (N)(m l  titrant)(24-) 
where : OR = ozone residua l  (m g  03/l H20) 
Wt OJ = weigh t  o f  ozone t rapped in  the potassium iodide 
solu tion (m g) 
· 
V0 = volume of  water sample {l i te rs) 
N = normality of  the sodium thiosu lfate titrant 
1 23 
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APPENDIX B 
CHLORINE DE MAND E XPERI MENTAL CALCULATIONS 
CHLORINE DEMAND EXPERIMENTAL CALCULATIONS 
A .  Ch lorine Demand 
C ld = Cia = C lr 
where : C1d = chlorine dem and (m g  C l/1 H20) 
C ia = applied chlorine dose = 8.5  m g  C l/1 H iO 
Clr = ch lor ine residual  (m g  Cl/1 H 20) 
1 25 
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APPENDIX C 
TRANSFER EFFICIE N C Y  A ND OZONE RES IDUAL: 
RESULTS A N D  STATISTICAL A NALYSES 
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Table C- 1 .  Transfe r e ffic iencies (percent) 
: DETE NTION TIME (m inutes) 
5 1 0  1 5  20 30  
95 .9  94.5  93.9 9 1 .9 90 .6  
8 1 .0 9 1 .0 94 .2  90.5 90 .0  
2 90.7 84.8 89.0 90.2 9 1 .0 
89 .2  9Q.l 9 2.4  90.9 90 . 5  
-
0 
N 
:c --
.:::::: 90.3  90. 1 90.9  9 1 .2 89 .7  
("("\ 78.0 79.8 3 1 .0 89.0 89 .3  0 4 86.3 85. 1 84 .2  86.6 84.8  bO 
E 84.9 85.0 85.4 88.9 87.9 
.._, 
U.l 
0 
79.0 84.7 9 1 .9 87 .5  < 
V) 77.9 72 .0  76.4 8 1 .4 0 Cl 8 8 1 . 3 76 .5  78 .8  8 2 .9 
u.l 79.4 77.7  82.4 83.9 z 0 
N 1 st rep 8 1 . 3 82.8  74 .7  0 
2nd rep 67. 6  70.0 70.7  
1 2  3rd re� 78.8  77.0  7 6. 6  
mean 75 .9  76 .6  74.0  
Table C-2.  Analysis of variance of tran sfer e fficienc y data 
Source Sum of Degrees o f  Mean Com pu ted 
pf E r ror Squares Freedom Square F 
Dosa ge 1 493 . 2208 3 497 . 7403 2 0 . 03 * � 
Time 60 . 6 1 86 4 1 5 . 1 547 0 . 6 1 
Interaction 80 . 3742 9 8 . 9308 0 . 36 
Error 844 . 9333  34 24 . 85 1 0  
Tota l 2493 . 1 804 50 
* * signi ficant at the 1 percent leve l  
1 28 
Tab le C-3. Ozone residuals (mg 03/l H20) 
DETE NTIO N TIME (m inutes) 
5 1 0  1 5  20 30 
0 .00 0 .00 0.00 . 0.00 0.00 
0.00 0.00 0.00 0.00 0.00 
2 0 .00 0.00 0 .00 0.00 0.00 
0 .00 0.00 0.00 0.00 0.00 -
0 
N 
::c .  - 0.00 0.00 0.00 0.00 0.00 -..... 
rt"' 0.00 0.00 0.00 0.00 0.00 0 
0.0 4 0.00 0.00 0.00 0.00 0.00 
E 0.00 0.00 0.00 0.00 0.00 
...__, 
UJ 
0 
1 . 1 0  < 0.65 0.30 0.30 
V') 1 . 00 0.90 0.4 1 0. 1 0  0 Cl 8 0.68 0. 5 1  0. 1 0  0. 1 0  
UJ 0.93  0.69 0.27 o:1T z 0 
N 1 st rep 1 .48 1 . 1 9  0.90 0 2nd rep 2. 1 9  1 .80 1 . 05 
1 2  3rd reE 1 . 40 1 . 40 0.82 
mea n  T.69 1.46 0.92 
Table C-4 . Ana lys is  o f  va riance o f  ozone residual data 
Source Sum of Degrees of Mean Com puted 
of Error Squa res Freedom Square F 
Dosage 1 2 . 38 1 1  3 4 . 1 270 1 65 . 48 * ij 
Time 0 . 8495 4 0 . 2 1 24 8 . 52 * -ll 
Interaction 1 . 222 1 9 0 . 1 358 5 . 44 * ij 
Error 0 . 8479 34 0 . 0249 
Tota l 1 6 . 0666 50 
* *  significant at the 1 percent level ) 
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Tab le D- 1 .  Raw groundwater tem perature ente ring pilot plant (°C) 
DETENTION TIME (m inutes) 
5 1 0  1 5  20 30 
1 5 . 7  1 6. 5  1 6. 5  1 5 .0  1 5 . 2  
1 5 .0  1 5 .0  1 5 .0  1 5 .8  1 5 . 6  
0 1 3 .0  1 2 . 9  1 3 .0  1 3 . 4  1 2 .8  
1 4 . 6  1 4 .8  1 4. 8  1 4. 7  1 4. 5  
1 5 .0 1 4 .5  1 4 . 8  1 5. 0  1 5 . 2  
8 1 4 . 1  1 5 . 0  1 4 . 2  1 4 .8  1 4 .3  
N 
2 1 2 .7 1 3 .0 1 3 .0 1 2 . 4  1 2 . 1  :c --
.::::: 1 3.9  1 4. 2  1 4 .0 1 4 . 1  1 3. 9  
C""'\ 
0 
0.0 1 5 . 1  1 4 .8 1 5 .0  1 5 .0  1 4 .8  E ......... 1 3 . 2  1 4. 0  1 3 . 5  1 4 . 7  1 4 . 5  
u.l 4 1 2 . 1  1 3. 8  1 3 . 2  1 2. 5  1 3 .0 (.) 
< 1 3 . 5  1 4 . 2  1 3. 9  1 4 . 1  1 4. 1  V') 
0 CJ 
1 3. 5  1 4 .8  1 4 . 5  1 5 .0 u.l z 1 3 . 7  1 3. 5  1 4 . 2  1 3 .7  
0 8 1 3 . 2  1 3 . 2  1 3 . 2  1 3 . 1  N 
0 1 3. 5  1 3.8  1 4 .0 1 3 .9 
�'\.. • 
1 st rep 1 5 .2  1 5. 1  1 5 .0 
2nd rep 1 3. 3  1 3. 4  1 4 . 1  
1 2  3rd re2 1 3. 2  1 3 . 2  1 3 . 2  
m ean 1 3. 9  1 3. 9  1 4 . 1  
1 3 1  
Tab le D-2 . F i lte r e ffluent tem perature (O C) 
DETENTION TIME (m inutes) 
5 1 0  1 5  20 30  
1 6. 2  1 6. 6  1 6.6 1 6.2  1 6 .4 
1 5.8 1 6. 2  1 6.0  1 6.2  1 6. 2  
0 1 3. 7  1 3.9  1 3. 9  1 3 .9 1 3.9  
1 5. 2  1 5 .6  1 5. 5  1 5 .4  1 5. 5  
1 6 .0 1 5. 5  1 5 . 1  1 6.0  1 6.0  
- 1 4 .3 1 5. 4  1 5 . 0  1 5 . 1  1 5. 2  
0 
2 1 3 . 1  1 4 .0  1 4 . 1  1 3. 2  1 3. 0  N ::r: 1 4 . 5  1 5 .0  1 4. 7  1 4 .&  1 4. 7  -
� 
('f'\ 0 
b.() 1 6 .0  1 4 .8  1 5.7  1 5.0  1 6. 2  
E 1 4 . 2  1 4 .8  1 4. 2  1 5. 2  1 5. 1  ......... 
u.l . 4 1 2.9 1 4. 2  1 4 .0  1 4 . 1  1 4 .0  
0 1 4 . 4  1 4 . 6  1 4 .6  1 4 .8 1 5. 1  c( V') 0 Cl 1 4 .0 1 5 .8  1 5 . 5  1 6. 0  
Ul 1 4 . 1  1 4 . 1  1 4 . 3  1 4. 2  z 
8 1 4 .0 1 4 . 1  1 4 . 2  1 4. 3  . 0 
N 1 4 .0  1 4 .7  1 4.7  1 4.8  0 
1 st rep 1 6.0  1 6.2  1 5. 2  
2nd rep 1 4. 2  1 4 .0 1 4 . 3  
1 2  3rd reE 1 3.9  1 4 . 1  1 4. 2  
mean 1 4 .7  1 4 .8 1 4 .6  
1 3 2 
Tab le D-3. Raw groundwater pH entering pilot plant 
DETE NTION TIME (m inutes) 
5 1 0  1 5  20 30 
6 .90 7 .00  7 .00  7 .00  6.7 5  
6.75 6.75 6.90 6.75 6.85 
0 6.70 6.95 6.&5 6.90 6.90 
6.7& 6.90 6 .92  6.88 6.83 
7.00 7 .05  6 .85 6.70 7 .00 
-. 6.80 6 .85  6 .85  6.70 6.80 0 
N 2 6 .50  6 .60 6 .60 6.50 6.80 :c 
6.77 6 .83  6 .77  6 .63 6.87 --.... 
C""\ 0 
bO 6.85 7 . 1 0  6.70 6.90 7.00 E 6.70 6 .65 6 .70 6.80 6.75 -
uJ 4 6.50 6 .60 6 .60 6. 60 6.60 
l? 6.68 . 6 .78  6 .67 6.77 6.78 < V') 0 Cl 6.75 6 .80  7. 1 5  6.70 
ll.l 6.65 6.90 6.70 6.75 z 0 & 6. 70 6.&0 6.60 6. 60 . 
N 6.70 6 .&3 6.&2 6. 68 0 
1 s t  re p l&o 6.80 6.90 
2nd rep 6.70  6.65 6.65 
1 2  3rd reE 6.65 6.75 6.60 
mean 6 .72  6.7 3  6.72  
1 3 3  
Tab le D-4. Fil ter  e ffluent pH 
DETENTION TI ME (m i nutes) 
5 1 0  1 5  20 30 
7 .40 7 .40  7 . 35 7 .35  7 . 2 5  
7 .05  7. 1 0  7 .25  7 . 1 0  7 . 1 5  
0 7 . 00 7 . 1 5  7 . 1 0  7 .25  7 .25  
7 . 1 5  7 .22  7 .23  7 .23  7 .22  
7 . 1 5  7 .25  7 .20  7 .25  7 . 35 -
6.90 7 . 1 5  7. 1 0  7 .20 7 . 2 5  0 N 
2 6 .90  6 .95  7 .00  7 .00  7 .20 :r: 
__, 6.98 7 . 1 2 7 . 1 0  7:15 7 . 27 --
� 0 
Cl.O 7 . 2 5  7 . 1 5  7 .25  7.20 7 . 35 E - 6.95 6 .95  7 . 1 0  7. 1 0  7 . 1 0  
.UJ 4 6.80 6.95 7 .00 7 .00 6 .90  l? 
-< 7.00 7 .02  7 . 1 2  7 . 1 0  7 . 1 2  V) 0 Cl 
6.90 u..l 7 .25  7 .25  7 . 25  z 7 .00  7 .25  6.95 7 . 1 0  0 8 6.85  7 . 1 5  7 .oo 6 .95  . N 0 6.92  7 .22  7 .07 7 . 1 0  
1 st rep f.25  7 .35  7 .40  
2nd rep 6.9 5  7 .05 7 . 0 5  
1 2  3rd reE 6 .95  7 .00  6 .95  
mean 7 .05  7:13 7. 1 3  
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Table D-5.  Hydrogen-ion concentrations in raw ground
.
water (H+  x l 0-7) 
DETENTION TIME (m inutes) 
5 1 0  1 5  20 30 
1 . 259 1 .0 00 1 .000 1 .000 1 . 778  
1 .778 1 . 778  1 . 259 1 . 778 1 . 4 1 3 
0 1 .995 1 . 1 22 1 .4 1 3  1 . 259 1 .259 
� 1 . 677 1 . 300 1 . 224 1 .346 1 . 483  
1 . 000 0.89 1 1 . 4 1 3 1 .995 1 .000  
s 1 . 585 1 . 4 1 3  1 .4 1 3  1 .995 1 .585  
N 2 3. 1 62 2 .5 1 2  2 .5 1 2  3 . 1 62 1 .585  
::c 1 .9 1 6  1 . 605 .::::: 1 .779  2.384 1 . 390 
("("\ 
0 
0..0 1 . 000 0 .794  1 . 995 1 . 259 1 .000 
E 1 .995 2 .239  1 . 99 5 1 . 585  1 . 778  -
u.l 4 3. 1 62 2 . 5 1 2  2 . 5 1 2  2 .5 1 2  2. 5 1 2  () 2.052 1 .848  2 . 1 67 1 .785  1 . 763  � tl') 0 Cl 1 .778  1 .585  0 .708  1 .995  
u..l 2 .239 1 .259 1 .995 1 .778  z 
8 1 .995  1 .585  2 .5 1 2  2 . 5 1 2  0 
N 2 .004  1 . 476 1 . 738 2 .095 0 
1 st rep . 585  1 . 585 1 . 259 
2nd rep 1 . 99 5 2.239 2. 239 
1 2  3rd reE 2 .239 1 .778 2 .5 1 2  
mean 1 .940  1 .867 2.003 
1 35 
Table D-6. Hydrogen-ion concen tra tions i n  f i lter  eff luent (H+  x 1 o-7) 
DETENTION TIME (m inutes) 
5 1 0  1 5  20 30 
0 . 398 0 . 39 8  0 . 447  0 . 447  0 . 56 2  
a · . 89 1 0 . 79 4  0 . 56 2  0 . 79 4  0 . 708 
0 1 . 000 0 . 70 8  0 . 79 4  0 . 56 2  0 . 562  
0 . 763  0 . 63 3  0 . 60 1  . 0 .  60 1 0 . 6 1 1 
,........ 0 . 708 0 . 562  0 . 63 1  0 . 562  0 . 447 0 
N 1 . 259 0 . 708  0 . 79 4  0 . 63 1  0 . 56 2  :r: 2 1 .  259 1 . 1 22 1 . 00 0  1 . 000 0 . 63 1  __.. --
1 . 07 5  0 . 797  0 . 80 8  0 . 7 3 1  0 . 547  ("("\ 0 
0..0 
0 . 562  0 . 70&  0 . 56 2  0 . 63 1  0 . 447  E .......... 1 . 1 22 1 . 1 22 0 . 79 4  0 . 79 4  0 . 79 4  u.l t) 4 1 . 585  1 . 1 22 1 . 000  1 . 000 1 . 2 59 < 1 . 090  0 . 98 4  0 . 78 5  0 . 808  0 . 833  V') 0 
[5\ 
Cl 1 . 2 59 0 . 56 2  0 . 562  0 . 56 2  
u.l 1 . 000  0 . 56 2  1 . 1 22 0 . 79 4  z 0 8 1 . 77 8  0 . 70 8  1 . 000 1 . 1 22 
N 1 . 346 0 . 6 1 1 0 . 89 5  0 . 8 26 0 
1 st rep 
C>< 
0 . 56 2  0 . 447 0 . 398 
2nd rep 1 . 1 22 0 . 89 1  0 . 89 1  
1 2  3rd re12 1 . 1 22 1 . 000 1 .  1 22 
mean 0 . 935 0 . 779 0 . &04  
Table D-7 . Analysis of  var iance of  fi lter ef f luent hydrogen-ion concentra tions 
Sou rce Sum of Degrees of Mean Com puted 
of Error Squares Freedom Square F 
Dosa ge 933080 . 5  4 233270 . 1  2 .  98 * 
Tim e &83384 . 7  4 2 20 8 46 . 2  2 . &2 * 
Inte raction 7 1 5644 . 2  1 3  55049 . 6  0 . 70 
Error 3449 1 08 . 7  44 78388 . &  
Total 57 50 1 4 1 . 0  65  
* significant at the 5 percen t  leve l 
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Tab le E- 1 .  Ch lorine demand of pi lot plant effluent (m g/1) 
DETENTION TIME (m i nutes) 
5 1 0  1 5  20 30 
4 .4  5. 1 4 .0  3.9 4-. 1 
4 .4  3 .6  3 .8  4 .6  4 .6  
0 5 .0  4 .4  5 .0  4.9 4 .9  
4- .6  4 .4  4 .3  li:"5 4 . 5  
......... 4 .6  3 .7  4 .2  4 . 1  4 .2  0 
N 4- .4  3.0 4 .0  3.4 3 .8  :r: 
2 4- .0  4 .8  4 .6  4 . 1  4- . 0  ...... --
4 .3  3 .8  4 .3  -n- 4 .0  ('('\ 0 
bO 
4.0  4.0 3 .7 4. 1 2 .8  E .......... 3 .5  4- .3  4 . 2  3 . 5  3 .6  LLl l? 4 4 .9  3 .8 4 . 2  4 .8  4 . 0  < 4 . 1  4 .0  4 .0  liT 3 . 5  U') 0 · 
X 
0 3.8  3.8 3 .7 4 .0 
LLl 4.0  3.8 4- .2  4 . 2 z 0 8 3.9 3 .8 3.6 4 . 2  
N 3.9 3 .8  3:8 4. 1 0 
1 st rep 
X 
4 .6  3.6 3.7 
2nd rep 3.7 4 .2 3 .8  
1 2  3rd reE 4 . 5  4 .0 4 .4 
mean 4 .3  -n- 4 .0  
Tab le E-2 .  Ana lysis  of variance of  pilot plant  e ffluent ch lorine demand 
Sou rce Sum of  Degrees of  Mean Com puted 
of  Error Squares Freedom Square F 
Dosa ge 2 . 33235  4 0 . 58309 2 .  68 * 
Time 0 . 53885  4- 0 . 1 347 1 0 . 62 
Interaction 1 . 67 5 2 1  1 3  0 . 1 2886 0 . 59 
Error 9 . 58667 44  0 . 2 1 789 
Tota l 1 4 . 37939 65  
* significan t  at the 5 percent  lev e l  
APPENDIX F 
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Table F - 1 .  Ozone pilot p lant instantaneous triha1omethanes �g/1) 
DETENTION TIME (m inutes) 
5 1 0  1 5  20 30 
CHC13 1 0 .7 1 2 . 5  1 3. 7  1 3 .7  1 5. 0  
CHCl2Br 1 . 67 1 . 36 2 .7  3 .  2 .05  2 .7 3 
0 C H C l Br 2 < 1 . 00 < 1 . 00  < 1 .0 0  < 1 . 00  < 1 .0 0  
8 TT H M's 1 2.4  1 3. 9  1 6. 4  1 5.8  1 7 . 7  N 
:c - CHClj  3 .2 1 2 . 1 4  3 .2 1 1 . 6 1  2. 1 4  <"\ 0 
C H C 1 2Br < 2 .  00 < 2 . 00 < 2 . 00 < 2 . 00 < 2 . 00 I)() _§ 2 CHC1Br 2 < 1 . 00 < 1 .00  < 1 .00  < 1 .00  < 1 .00  Ul 
t) 
< Vl 
TTH M's 3.2 2 . 1 3 . 2  1 .6 2 . 1 0 0 
Ul 
z 
5 .58  4 .40  5 .37  0 C H Cl 3 5 .36  3. 2 1  N 
0 CHCl 2Br < 2 .  00 < 2 .  00 < 2 .  00  < 2 . 00 3 . 2 1  
4 CHC 1 Br 2 < 1 . 00  < 1 . 00  < 1 . 00  < 1 . 00 < 1 . 00  
TT H M's 5 .4  5. 6 3 . 2  4 . 4  8 .6  
Tab le F-2. Ozone p ilot plant te rm i na l  tr ihalomethane formation potentia l 
TRIHALOMETHA NE CONCE NTRATION 
CHC l 3 
1 9 .4  
24 .2  
24 .6  
25 .7  
Mean 23. 5 
S td Dev 2.79 
2 m g/1 ozone dosage 
5 m inu te detention 
8 . 5  m g/1 chlorine dosage 
1 32 hour  reaction tim e  
(�/1) �---
C H C l 2Br CHC l Br 2 
30 .6  1 2 .8 
29 .8  1 3 .7 
30 . 9  1 4 .5  
. 3 1 . 4 1 5 .9 
30.7 1 4 . 2  
0 .67 1 . 3 1  
TTH M's 
62 .8  
67 .7  
70 .0  
73 .0  
68 .4  
4 .30  
1 39 
) 
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Tab le F -3. Triha lom ethane concentrations in  the ozone pilot plant  effluent 
TIME 
(hou rs) 
CHCl3 
0 0 
1 2  8 . 5  
24  1 7 . 5  
3 6  1 3.6  
48  1 5. 7  
60 22.2 
7 2  22 .2  
84  25 .6  
96 22 .8  
1 08 22. 5 
1 20 23. 1 
1 32 20.0 
2 m g/1 ozone dosage 
5 m i nute detention 
8 . 5  m g/1 chlorine dosage 
TRIHALO MET H A NE CONCENTRATION 
fv.g/1) 
C H CI2B r  CHC1Br2 TotTH M's  
0 0 0 
8 .9  7 .7  2 5 . 1  
7 . 1 7 . 7  32 .3  
1 5. 9  1 5. 4  4 4 . 9  
1 6.8  1 6 .4 48.9 
1 8 . 3  1 6 .4 56.9  
1 8 .8  1 5. 4  56.4  
2 1 . 7 1 0.9 58 .2  
23 .8  1 1 .9 58 . 5  
2 5.9  1 2. 5  60 .9  
2 .5 .6  8 .7  57 .4  
24 .8  1 3 .0 57 .8  
) 
1 4 1  
Table F-4. Siou x Fal ls  Water Puri fica tion Plant treatment process .instantaneous  
t rihalomethanes (J..lg/1) 
CHCl3 
CHCl2Br  
CHClBr2 
TTH M's 
CHCl3 
C HCI2Br 
CHClBr 2 
TTH M's 
1 st Rep 
2nd Rep 
Mean 
PRECHLORINA TION/POSTC HLORIN A TION MODE 
Raw Solids Recarbona tion 
Groundwater Con tact 
< 3.0 < 3.0 < 3.0 
< 3.0 < 3 .0  < 3 . 0  
< 3 .0  < 3 .0  < 3 .0  
< 2 .0  < 2 .0  < 2 .0  
< 2 . 0 <2 . 0  < 2 .  0 
< 2 .0  < 2 .0  < 2 .0  
< 1 . 0 < 1 . 0 < 1 .0 
< 1 . 0 < 1 .0 < 1 . 0 
< 1 .0 < 1 .0 < 1 .0 
0 .0  0 . 0  0 .0  
POSTC HLORINA TION MODE 
Raw Solids Recarbona tion 
Groundwater Contact 
l� 
< 3.0  < 3.0  4. 1 
< 3.0  <3 .0  5 .3  
< 2.0  <2 .0  4 .7  
< 2 .0 <2 .0  < 2.0 
<2 .  0 <2 . 0  < 2 . 0  
< 2 . 0  < 2 .0  < 2 .0  
< 1 . 0  < 1 .0 < 1 .0 
< 1 . 0  < 1 .0 < 1 .0 
< 1 .0 < 1 . 0 < 1 . 0 
0 .0  0 .0  4 .7  
Finished 
Water 
9.8 
1 1 . 2  
1 0. 5  
3.9 
4 . 1 
4.0 
< 1 . 0 
< 1 . 0 
< 1 . 0 
1 4 . 5  
Finished 
Water 
1 5 .7 
1 9 .5  
1 7 .6 
4.4 
5 . 8  
5 . 1  
< 1 . 0 
< 1 .0 
< 1 . 0 
22 .7  
1 42 
Table F-5.  Triha lom ethane concentrations in  the Sioux Falls Water Pu rifica tion 
Plant f inished wate
_
r (p rech lorina tlon/postchlorina tion mode) 
TIME TRIHALOMETHANE CONCENTRATION 
(hours) �g/1) 
CHCl3 C HCl2Br CHCIBr2 TTH M's 
0 0 0 0 0 
1 2  25 .3  5 .0  1 .0 30 .3  
24  26.2 1 5.7  4 .3  56 .2  
36 33.2  20 . 1 5.4 78 .8  
48  53.7 27 .2  7 . 7  88 .6  
60 44.2  30 .0 1 0.0 8 4 . 2  
7 2  5 2 . 1  2 4 . 2  1 2 .3  88 .6  
8 4  38.4 26 .2  1 2 .6 77 .2  
96  43.8 24 .8  1 1 . 6  80 .2  
1 08 32 .3  2 3 . 2  1 0.0  . 65 .5  
1 20 40.4 2 4 .8 1 2 . 5  77 .7  
1 32 4 1 . 5  26 .2  1 2 .5  80 . 2  
) 
Tab le F -6.  Siou x Falls distribution system triha lomethane concen trations 
SIOUX FALLS DISTRIBUTION SYSTE M S A M PLING LOCATION 
J-2 J-3 
CHCl3 '30 .9  38 .2  
3 1 . 2 39 .7  
3 1 . 1  39 .0  
C H C 1 2Br 23.5  24 .2  
24 .0  23 .7  
23 .8  24 .0  
CHC 1 Br 2 1 3 .0 20.0 
1 0 . 1  2 1 . 8 
1 1 .6  20.9  
TT H M  67 .4  82 .4  
65 .3  85 .2  
66.4 83 .8  
CHCl 3 8.9  29 . 1  
1 0. 4  3 1 . 0 
9 .7  30. 1 
CHC l 2Br  5 . 8  1 8 .6  
7 . 1 1 9 . 5  
6 . 5  1 9 . 1 
CHC 1 Br 2 5 .0  1 0 .4 
6 .7  9 .5  
5.9 1 0 .0 
TT HM 1 9 .6  58 . 1 
24 .2  60.0 
2 1 .9 59. 1 
Note : Al l  T H M  values are expressed in ).lg/1 
1 st Rep 
2nd Rep 
Mean 
J-4 J-5  J-7  
28 .2  58 . 1  68 . 7  
29 .5  57 .5  66 . 1 
28.9 57.8 67 .4  
1 6.8  27 .8  25 .6  
1 7 .4  28. 1 23 . 7  
1 7 . 1  28.0  2 4 . 7  
8 . 7  1 4 .3  1 3. 3  
3 .6  1 4 .9 1 2. 1  
6. 2 1 4 .6  1 2. 7  
5 3 . 7  1 00 .2  1 07 . 6  
5 0 . 5  1 00 . 5  1 0 1 . 9 
5 2. 1 1 00 .4  1 04 .8  
3 .0  49 . 1  3 8 . 2  
1 5 . 1  37 .7  36 . 1 
1 5 . 1  43 .4  37 .2  
2 .0  27 . 7  2 5 . 4  
1 3 . 2  24 .8  23 .9  
1 3 . 2  26.3  2 4 . 7  
1 .0 23 .3  23 .3  
4.9 20.2 23 .5  
4.9 2 1 .8 23 .4  
5 .0  1 00 . 1 86 .8  
33 .2  82 .7  8 3 . 5  
33 .2  9 1 . 4 8 5 . 2  
1 4 3  
1 4 4  
Table F -7 .  Trihalomethane concentrations i n  the Siou x Fa lls Water Purif ication 
Plant finished water (postch lorination m ode) 
TI ME TRIHALO METHANE CONCENTRATION 
(hours) (�/1) 
CHCl3 C HCl2Br C HCIBr2 TT H M  
0 0 0 0 0 
1 2  26 .6  1 7 .2  8 .6  52 .4  
24  29 .3  2 1 . 2 1 2 .7  63 .2  
36 30 .0  23 .8  1 4 . 1  67 .9  
4 8  44 .3  27 .2  1 3 . 6  85 . 1  
60  40.4  28 . 1 1 6.4  84 .9  
' 
7 2  44 .3  29 . 1  1 7 .3  90 .7  
8 4  45 .0  32 .8  20 .0  9 7 . 8  
96 48 . 0  2 4 . 5  1 1 .0  8 3 .5 
1 08 46.8 2 5 . 2  1 2 . 8  8 4.8  
1 20 48 .8  25 .0  1 1 . 1  8 4.9  
1 32 47 .4  27 . 1  1 3 . 3  8 7 . 8  
1 4 5  
Table F-8. A nalysis o f  variance o f  di stribution system TTHM concent rations 
Source Sum of Degrees of  Mean Com pu ted 
of  E rror Squa res Freedom Square F 
Treatment  Mode 1 360 .72  1 1 360.72  1 5 .8 1 * 
Sam ple Locat ion 5422 . 79 4 1 3 5 5 . 70 1 5 . 75 *  
Error  344.20 4 86.05 
Total 7 1 27 .7 1 
* signif icant at  the 5 percent leve l 
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APPENDIX G 
ESTI MATIN G THE C OST OF OZONATION 
Assum ptions:  Treatment Plant  Design Capacity = 52  MGD 
Applied Ozone Dosage : 2 m g/1 
Detention time in contact cham ber = 5 m i nutes  
Required  Ozone Generation Capaci ty = (8 . 34 )( MGD)(m g/l) 
Requ ired Contact Cham ber Volume 
Com puta tlon of  Present Worth 
T P W  = P Wc + P Wom &r 
P Wom &r = (OM&R) (CRF) 
CRF =[
o
:il
n- 1
] + i 
Where : T P W  = total  present worth 
= (8 . 3 4)(5 2)(2) 
= 86 1 lb/day use 900 lb/day 
= 39 1 kg/day use 409 kg/day 
= (5 2,000/000 gal/day)(5 min) 
(7 .48 1 gal ft3)( 1 440 m in/day) 
= 2 4 , 1 38 ft3 
= 684 m 3 
P Wc = present worth of  capital cost 
P Wom &r = present worth of  annual opera tion ,  ma intenance , and 
rep lacem ent cost 
O M & R  = annual operation , maintenance , and replacement cost 
CRF = capital recovery factor 
i = annual interest rate 
n = num ber of  years i n  repayment  per iod . 
1 4 7 
1 4 8 
Computation of  Tota l Annual Cost of Ozonation 
Ta = Ca + OM&R 
CRF =[ i 1 �1 + i )n - 1 + 1 
Whe re : T a = tota l annua l cost 
Ca = annua l  repayment on construction cost 
OM&R = annual operation, maintenance , and replacemen t  cost 
Ct = total construc tion cost 
CRF = capital recovery factor 
i = annual  interest rate 
n = num ber of years in  repayment per iod 
Computation of Cost per 3 .79 m 3 ( 1 000 ga llons) 
O M & R/ 1 000 gal = 1 000 OM&R 
( l'i"":'-:=5--:, o�o-=o-, 0:-::o-=o-g-a�l-:-/ d�a-y�)(r-::3-=6-::=-5 --:d:--ay s-/r-y�r) 
Total Annual Cost per 1 000 gallons = 1 000 T a 
�----------�--�----�-( 1 5 ,000,000 gal/day)(365 days/yr) 
Where:  OM&R = annua l operation ,  m ' n tenance , and replacem ent  cost 
T a = total annual cost 
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APPENDIX G 
COST OF OZONA TION 
COMPUTER PRINTOUTS AT VARIOUS INTEREST RATES 
Table G- 1 .  Economic analysis at a 6.0 percent interest rate 
R I EKE CARROLL HULLER ASSOC I ATES , I NC .  
VATER/WASTEWATER TREATHENT PROCESSES - COST SUMMARY 
PAGE I 
T I TL E : DES I GN FLOW , HGO : 52 . 00 0  ACTUAL FLOW , HGO : I 5 .  000  
:...:Pr-=.o:::..:ce:..:.ss::.._ ________ � Des ign Parameter 
I OZONE GENERAT I ON SYSTEHS 
2 OZONE CONTACT CHAMBER 
0 )  
8 4  
900 . 0  L B/DAY 
H H O . O  CU fT  
Operat I ng Parameter 
2 5 0 . 0  LB /OAY 
2 � 1 4 0 . 0  cu fT 
Cent s f i OOO  Ga l l on!  
Constr, S ____2!!1 Debt Tota l 
1 4 60300 1 . 26  3 . 79 5 . 0� 
82600 0 . 00  0 . 2 1  0 . 2 1  
Tota l Costs ,  $ 1 5�2900 1 . 26 4 . 00 5 . 26 
S i tevork , I nterface P ip ing , 2 0 . 01 
Subsurface Cons i derat ions , 5 . 01 
Gen Contractor OH & P ,  I Z .  0 1  
Eng i neer ing , 1 0 . 01 
lega l , F i scal , Ada l n  
t nt Dur i ng Constr 
Present Worth of O&H @ 6 . 001 and  2 0  yrs $ 78960 + Total Cap ita l 1 $ 
3 08600 
77 1 00 
23 1 4 0 0  
2 1 6000  
27000 
I 09200 
25 1 2200  
O&H __ ___;.:.;KW:;.;.;.H Mater ia l s ,  S labor 1 Hr D i es e l ,  Ga l Mat Gas, Cu ft Che• l ca l s, S 
1 1 1 1  TOTAL " "  
Process 
Process 
8�2833 
842833 
0 
Dat e  of Current l nd f c I es - FEBRUARY 1 986  
Cap I ta I Cost factors 
Eng I neer I ng I l l  
S l tevork ,  I nterface P i p i ng I l l  = 
Subsurface cons I de rat I ons I l l  
Standby power ( � )  
I nterest Rate ( � )  
Nuaber of Years 
Land cost , $ /Acre 
1 0 . 0  
2 0 . 0  
5 . 0  
0 . 0  
6 . 0  
2 0 . 0  
0 . 0  
79�0 
7940 
0 
738 
738 
0 
Un I t  Cost Factors 
E l ectr i c ity, $/KWH 
labor , $/Hr 
D i ese l  fue l ,  $/Ga l 
Natura l Gas , S/Cu ft 
Bu i l d i ng Energy Use ,  KIIH/Sq ft/Yr = 
0 .  0600 
l L OOOO 
1 . 2500 
0 . 0065 
1 00 . 0000 
Present Worth  
s 3 3 0 1 80 0  
TOTAL. S/Yr 
688 � 0  
688� 0  
0 
Table G -2. Economic analysis at a 6 .5  percen t  interest rate 
R I EKE  CARROll "UllER ASSOC I ATES ,  I NC .  
IIATER/IIASTEWA T E R  TREAT"ENT PROCESSES - COST SU!f"ARY 
PAGE I 
1 5 1  
T I TLE : DES I G� fLOW I MGO : 52 .  000  ACTUAl flOW , MGO : 1 5 . 000 
wPr.,.:!.O:::..:;CCc:c.;"�-------- � oe, lon Parame tu 
I OZONE GENE R A T  I ON  SYSTE"S 
2 OZONE CONTACT CHA"BER 
83 
84 
900 . 0  LB/OAY 
2 4 1 40 . 0  cu fT 
2SO . O
.
lB/DAY 
2 4 1 4 0 . 0  cu fT 
Cents/ 1 000 Ga l l on s  Con'  t r ,  t ____Qj1t _Qill To t 11 l 
1 4 60300 1 . 26 3 .  96 5 . 2  I 
82600  0 . 00 0 •. 22 0 . 22 
Tota l Costs ,  $ 1 542900 1 . 26 4 . 1 8  S . H  
S l tevork,  I nterface P i p i ng, 2 0 . ot 
Subsurface Cons i derat ions , 5 . 01 
Gen Contractor OH & P,  · 1 2 . 01 
Eng i neer i ng ,  1 0 . 01 
lega I , f I sca l , Ada i n  
l nt Dur i ng Constr 
Present Worth of 0&" @ 6 . 501 and ZO  yrs $ 758500 Tota l  Cap i ta l ,  S 
308600 
77 1 00 
2 3 1 400  
2 1 6000 
27000 
1 1 8300 
2 5 2 1 300  
0&" --�K�W:.:!.H "ater i a l s, S Labor, Hr D i e se l ,  Ga l Nat Gas, Cu ft Chea l ca l s, $ 
1 1 1 1  TOTAL • • • •  
Process 
Process 
8 4 28 3 3  
842833  
0 
Date of Current I nd l c l e s  - fEBRUARY 1 98 6  
Cap i ta l  Cost factors 
Eng i neer i ng ( I )  
S l tevork,  Inter face P i p i ng I l l  = 
Subsurface cons I derat I ons ( 1 )  
Standby power ( 1 )  
I 0 .  0 
20 . 0  
5 . 0  
0 .  0 
6 .  5 I n terest Rate ( 1 )  
Nu1ber o f  Years  
land  cost , S/Acre 
.. 20 . 0  
0 .  0 
7940 
7940  
0 
138 
738 
0 
Un I t  Cost Factors 
E l ectr i c ity , $ /KWH 0 . 0600 
labor , S/Hr • U . OOOO 
D iesel  Fue l ,  S/Ga l 1 . 2500 
Natura l Gas , S/Cu ft  0 . 0065 
Buf fd l ng Energy Use , KIIH/Sq Ft/Yr • 1 00 . 0000 
Present Worth 
s 3 279800 
TOTAL. S/Yr 
688�0  
688 4 0  
0 
.Table G -3.  Econom ic analysis �at a 7 . 0  percent inte rest rate 
R I EKE CARROLL HULLER ASSOC I ATES , I NC .  
IIATER/WASTEVATER TREATMENT PROCESSES - COST SUMMARY 
PAGE I 
1 52 
T I TLE : DES I GN FLOII , HGD : 52 . 00 0  ACTUAL FLOII , HGD : 1 5 . 000  
�Pr....:.o�ce:.::..ss=----------- � Des ign Parameter 
I OZONE GENERAT ION SYSTEHS 
2 OZONE CONTACT CHAHBER 
8 3  
8 4  
900 . 0  LB/DAY 
2 41 � 0 .  0 CU FT  
Ope rat I nq Para11eter 
250 . 0  LB/DAY 
2 � I� 0. 0 CU FT  
Cent s/ 1 0 00 Ga l  I on s  
Constr, $ _Q.U!. Debt Tota I 
1 � 60300  1 . 2 6  � . 1 3  5 . 3 9  
82600 0 . 00 0 .23  0 . 2 3  
Tota l Costs ,  $ 1 5 �2900 1 . 26  4 . 36 5 . 62 
S l tework , I nterface P i p i ng ,  20 . 01 
Subsurface Con s i derat ions , 5 . 01 
Gen Contractor OH & P ,  1 2 .  0 1  
Eng f neer lng ,  I 0 .  01 
lega l , F i sca l ,Ad• l n  
I n t  Our I ng Cons t r  
Present Worth of O & K  @ 7 . 001 and 2 0  y r s  · s 729300 Tota l Cap i ta l , $ 
3 08600 
7 7 1 00 
23 1 400  
2 1 6000  
27000 
I ZHOO Pre sent Wort h  
2530400 • s 3259700  
--�Kli=H Hater f a l s, S labor, Hr D i ese l ,  Ga l Nat Gas, Cu rt Che1 l ca l s, S TOTAL. S!Yr 
" "  TOTAL ' " '  
Process 
Process  
842833  
842833  
0 
Date of Current I nd l c I es - fEBRUARY 1 986 
Cap i ta l  Cos t  facto� s 
Eno l neer lna  ( 1 )  • 1 0 . 0  
S l t ework ,  I nterface  P i p i n g  I l l  = 2 0 . 0  
Subsurface con s i derat i ons ( I )  5 . 0  
Standby power ( l )  0 .  0 
I nterest Rate ( I )  7 . 0  
Nu1ber o f  Years ZO . 0 
land cos t ,  $ /Acre 0 . 0  
7HO 
7940  
0 
738 
138 
0 
Un i t  Cost factors 
E l ectr i c i t y ,  S /KIIH 0 . 0600 
Labo r ,  S /Hr = 1 � . 00 0 0  
D i ese l  f ue l , $ /Ga l 1 . 2500  
Natura I Gas , $/Cu  F t  0 .  0065 
Bu i l d i ng Energy Use,  KWH/Sq ft/Yr a 1 00 . 0000 
688�0 
688 4 0  
0 
Table G -4 .  Economic analysis at  a 7 . 5  percent interest rate. 
RI EKE CARROLL HULLER ASSOC I ATES ,  I NC .  
WATER/WASTEWATER TREATMENT PROCESSES - COST SUMMARY 
PAGE I 
1 53 
T I TLE : DES I GN F LOII, HGD:  52 . 0 0 0  ACTUAL flOW , JtGD : 1 5 . 00 0  
P:....:.r-=-oc=e=s'=---------- � Des ign Paraaeter 
I OZONE GENERAl I ON SYSTEHS 
2 OZONE CONTACT CHAMBER 
83 
84 
900 . 0  L B/DAY 
2 4 1 4 0 . 0  CU FT 
Operat I ng Parameter 
2 5 0 . 0  LB/DAY 
2 4 1 40 . 0  CU FT 
Cents / 1 0 0 0  Ga l l ons  
Constr, S __2!! Debt Tota l 
1 460300  1 . 26  4 . 3 1  5 . 56 
82600 0 . 00 0 . 24 0 . 24 
Tota l Costs , $ 1 5 4 2900  1 . 26 4 . 5 5  5 . 8 1  
S l tework ,  I nterface P i p ing ,  20 . 0t 
Sub s u r fa c e  Con s i derat ions , 5 . 01 
Gen Contractor OH & P ,  1 2 . 01 
Eng i neer ing ,  1 0 . 0t 
lega I ,f I sea I ,Ad• I n  
J nt Our lng Constr 
Present llorth of O&H @ 7 . 501  and 2 0  yrs $ 70 1 Tota l Cap i ta l , $ 
308600 
7 1 1 00 
23 1 � 0 0  
2 1 6000  
27000  
1 36500 
2 539500  
ou --�KII=H Hater la l s, S Labor, Hr D i es e l ,  Ga l Nat Gas, Cu Ft Chufcah, I 
, . , ,  TOTAL "" 
Process 
Proces s 
842833 
842833  
0 
Date of Current I nd I c I es - FEBRUARY 1 986 
Cap i t a l  Cost Factors 
Eng i neer i ng 1 1 )  • 1 0 . 0  
S f tevork ,  Inter face P i p i ng ( 1 )  a 20 . 0  
Subsurface con s i derat i ons U l  • 5 . 0  
Standby p011er ( 1 )  0 . 0  
I nterest Rate ( U  7 . 5  
Nuaber o f  Years 20. 0 
land cost , $ /Acre 0 . 0  
79�0  
79�0 
0 
738  
738  
0 
Un i t  Cost F actors 
E l ec t r  I e t ty ,  S/KIIH 0 . 0600 
labo r  I $ /Hr a u .  0000  
D i ese l fue l , $/Ga l 1 . 2500 
Natura- l Ga s ,  $/Cu rt  0 . 0065  
Bu i l d i ng Energy Use , KWH/Sq ft/Yr  : 1 0 0 . 00 0 0  
0 
0 
Pres ent Worth 
$ 3 2 � 1 3 0 0  
TOTAL. S/Yr 
688�0 
688�0 
0 
Tab le G-5.  Economic analysis at an 8.0 percent interest rate 
R I EK E  CARROL L HUL L E R  ASSOC I A TES , I NC .  
WATER /WASTEWATER  TREATMENT PROCESSES - COST SUHKARY 
PAGE I 
1 54 
T I TL E :  DES I GN FLOW, KGD : 5 2 . 000  ACTUAL FLOII , KGD : 1 5 . 000  
:....:.Pr�oc=e=s'=---------- H.2.!. Des ign Parameter 
I OZONE GENERA Tl ON SYSTE KS 
Z OZONE CONTACT CHAMBER 
83 
8� 
900 . 0  l8/0AY 
2 H � O . O  CU fT 
Operat l ng Para111eter 
250 . 0  LB/DAY 
24 1 4 0 . 0  CU FT 
Cents/ 1 0 0 0  Ga l l ons  
Constr, S __Q!!t _!ill Tota I 
1 �60300  1 . 26 � . �9  5 . 74 
82600 0 . 00 0 . 25 0 . 25 
Tota l  Costs , $ 1 542900 1 . 26 4 . H  6 . 0 0  
S l tework,  I nterface P i p i ng ,  2 0 . 01 
Subsur face Cons iderat i on s ,  S . Ot 
Gen Contractor OH & P ,  1 2 . 01 
Eng i neer i ng ,  1 0 . 01 
Lega I , F I s ea l , Ad• l n  
l nt Dur i ng Constr  
Prcannt 1/or th  of O&H @ 0 . 0 01  nnri  20 vn S 615  , Tot a l  Cnp l t/1 1 , $ 
3 08600 
77 1 00 
2 3 1 400  
2 1 6000 
27000  
1 45600 Pre5ent Worth 
2540600 • • 3 2 2 4500 
O&K __ ___:.:.KW=H Kater l a l s, $ labor, Hr D i esel, Ga l Nat Gas,  Cu  Ft  Che1 i ca l s, S TOTAl, S/Yr 
t I I  t TOTAL 1 1 1 1  
Process . I 
Process 2 
842833 
842833 
0 
Date of Current l nd l c l e s  - FEBRUARY 1 986 
Cap i ta l  Cost Factor s 
Eng i neer i ng ( l l  
S l tewor k ,  l �terface P i p i ng I l l  = 
Subsurface cons i derat i ons U l  
Standby power (1  l 
1 0 . 0  
2 0 . 0  
5 .  0 
o .  0 
8 . 0  I nteres t Rate ( l l  
Nu•ber of  Years  
· land cos t ,  $/Acre 
• 20 . 0  
o .  a 
194 0 
1940 
0 
738 
738 
0 
Un i t  Cost factors 
E l ectr i c i ty ,  S/KIIH 0 . 0600 
labor , $/Hr 1 4 . 0000 
D i ese l  Fue l ,  $/Ga l 1 . 2500  
Natura I. Gas ,  S/Cu Ft 0. 0065 
Bu i l d i ng Energy Use, KIIH/Sq ft/Yr = 1 00 . 0000  
0 
0 . 
68840  
68840  
0 
Table G...;.6 . Economic analysis at  an 8.5  percent interest rate 
R I EKE CARROLl HULLER ASSOC I ATES ,  I NC .  
IIATER/IIASTEWAHR TRE ATMENT PROCE SSES  - COST SUHHARY 
PAGE I 
1 55 
T l  TLE : DES I GN HOII , HGO: 5 2 . 00 0  ACTUAL fLO II ,  HGD : 1 5 . 000  
'-""Pr-=-oc=e..::..:ss<---------- t!h Des ign Parameter 
I OZONE GENERAT ION  SYSTEHS 
2 OZONE CONTACT CHAHBER 
83  
84  
900 . 0 LB/DAY 
2� 1 40 . 0  CU FT 
Ope rat f ng Para11eter 
2 5 0 . 0  lB/OAY 
H l 40 . 0  CU FT 
Cents /I 000 Ga I 1 ons 
Constr, S � � Tota l 
1 460300  1 . 2 6  4 . 6 7  5 . 93 
82600 0 . 0 0  0 . 2 6 . 0 . 26 
Tota l Costs , S 1 542900 1 . 2 6  4 . 94  6 . 1 9  
S i tework ,  I nterface P i p i ng ,  20 . 01 
Subsurface Cons i derat i ons , 5 . 01 
Gen Contractor OH I P ,  1 2 . 01 
Eng i neer i ng ,  , 1 0 . 01 
lega l , F  I sea I ,Adm i n  
l nt Dur i ng Constr 
Present Worth of O&H @ 8 . 501 and 2 0  yrs S 65 1 5 + Tota l Cap i ta l , S 
308600 
7 7 1 00 
2 3 1 40 0  
2 1 6000  
27000 
1 54700 
2551700 
--�Kli�H Hater f a l s, S labor, Hr D i es e l ,  Ga l Nat Gas ,  C u  ft  Che11 l ca l s, S 
" " '  TO TAL , ,  . .  
Process 
Process 
6 � 28 J l  
842833  
0 
Date of Current l nd f c l es - FEBRUARY 1 986  
Cap i ta l  Cost  Factors 
. Eng i neer i ng (U 1 0 . 0  
S l t ewor k ,  I nterface P i p i ng ( 1 )  = 2 0 . 0  
Subsurface cons i derat i ons 1 1 )  5 . 0  
Standby power ( 1 )  0 . 0  
I nterest Rate ( I )  B .  5 
Nu1ber of Years 2 0 . 0  
land cos t ,  $ /Acre 0 . 0  
7 9 4 0  
7 9 4 0  
0 
7 30  
738  
0 
Un i t  Cost Factors 
E l ectr i c i ty ,  $/KWH 0 . 0600  
Labor , $ /Hr 1 4 . 0000 
D i ese l fue l , $/Ga l  1 . 2500 
Natura I Gas , S/Cu ft 0.  0065 
Bu i l d i ng Energy Use , KWH/Sq ft/Y r = 1 00 . 00 0 0  
Present Worth 
$ 3209200  
TOTAL, S/Yr 
668 4 0  
688U 
0 
Table G-7.  Econom ic ana lysis at a 9 .0  percent interest rate 
R I EKE CARROLL HULLER ASSOC I ATES , I NC .  
WATER/WASTEWATER TREA THE N T  PROCESSES - COST SUHHARY 
PAGE I 
'1 56 
T l  TLE : DES I GN F LOW , HGD : 52 . 00 0  ACTUAL flOW, MGD : 1 5 . 000 
:....:.Pr..::.;oc:::..:::e���::....._ ________ � Des ign Para11eter 
I OZONE GENERA T I ON SYSTEHS 
2 OZONE CONTAC T  CHAMBER 
83 
84  
900 . 0  LB/DAY 
2 4 1 40 . 0  CU F T  
Operat I ng Parameter 
250 . 0  L B/DAY 
H l 40 . 0  CU fT 
Cent s / 1 000  Ga l l on s  
Constr, S __2!.!!_ _Qill Tota l 
1 � 60300  1 . 2 6  4 . 8 6  6 . 1 2  
82600 0 . 00 0 . 2 7 0 . 2 7 
Tota l Costs ,  S 1 5�2900 1 . 26 5 . 1 4  6 . 3 9  
S l tework ,  I nterface P i p i ng ,  20 . 01 
Subsurface Cons i derat ions , 5 . 01 
Gen Contractor OH & P ,  1 2 . 01 
Eng i neer i ng ,  1 0 . 01 
lega I , f  I sea l , Adm i n  
l n t  Dur i ng Constr 
Present Worth of O&M @ 9 . 0 U  and 2 0  yrs $ 628 Tota l Cap i ta l , $ 
3 08600 
77 1 0 0  
2 3 1400  
2 1 6000 
27000 
1 63800 
2566800 
O&H ---=KII=H Hater l a l 5, $ Labor, Hr D i es e l ,  Ga l Nat Gas, Cu Ft  Chem i ca l s, S 
"" TOTAL 1 1 1 1  
Proc ess  
Process  
842833  
842833  
0 
Date of Current l nd l  c I es - fEBRUARY 1 986 
Cap I ta I Cost factors 
Eng inee r i ng (U 1 0 . 0  
S l tevork,  I nte rface P i p i ng ( l l  = 2 0 . 0  
Subsurface con s i derat ions ( I )  5 . 0  
Standby power f l  l 0 .  0 
I nterest Rate ( 1 )  9 . 0  
Nu1ber of Years 20 . 0  
land cost , $ /Acre 0 . 0  
79�0  
79 40  
0 
738  
738 
0 
Uni t  Cost factors 
E l ectr i c ity ,  $ /KVH 0 . 0600 
Labor ,  S/Hr U. 0000 
D i ese l Fue l , $/Ga l 1 . 2500 
Natura l Gas ,  S/Cu ft 0 . 0 065 
Bu i l d i ng Energy Use , KIIH/Sq ft /Yr = 1 00 . 0000  
0 
0 . 
Present Worth 
$ 3 1 95200  
TOTAL. S/Y r 
6884 0  
68840  
0 
Table G-8.  Econom ic analysis at a 9 . 5  percent interest rate 
R I EKE CARROLL KULL ER ASSOC I ATES , I NC .  
WATER/WASTEWATER TREATHEHT PROCESSES - COST SUHKARY 
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T I TL E :  DES I GN fLOW, KGD : 5 2 . 00 0  ACTUAL fLOW , HGD : 1 5 . 000  
'"""Pr-=-o=ce=s=-s --------- � De s ign Paramet er 
I OZONE GENERAT I ON SYSTE HS 
2 OZONE CONTACT CHAMBER 
83 
8 4  
900 . 0  LB /DAY 
2 � I� 0. 0 CU fT 
Operat I ng Para11eter 
2 50 . 0  LB /DAY 
2 � u o . o  cu rr 
Cent s / 1 00 0  Ga l l on s 
Constr, S _Q!.!!. Debt Tota l 
1 460300  1 . 2 6  5 . 05 6 . 3 1  
82600  0 . 0 0 0 . 2 9  0 . 29 
Tota l Cost s ,  S 1 5� 2900  1 . 26 5 . 3 4 6 . 60 
S f tework , I nt erface P i p i ng ,  20 . 01 
Subsurface Con s i derat ions , 5 . 01 
Gen Contractor OH & P ,  1 2 . 01 
Eng i neer i ng ,  1 0 . 01 
l ega l , F i s ca i , Adll ln  
l nt Dur i ng Constr 
Present Worth of O&H  @ 9 . 50t and 2 0  yrs $ 6066 Tota l Cap i ta l ,  S 
308600  
77 1 0 0  
2 3 1  � 0 0  
2 1 6000  
27000  
1 72900  
2575900  
__ __;..:.;KW=H Kat er l a l s, l Labor, Hr O l ese l ,  Ga l Nat Gas ,  C u  Ft Chem i ca l s,  S 
t i l t  TOTAL l f t t  
Process 
Process  
842833 
842833 
0 
Date of. Current l nd l c l es - FEBRUARY 1 986 
Cap i ta I Cost factors 
Eng ineer i ng ( l )  
· S l tework , .I nter face P i p ing ( l )  • 
Subsurface cons i dera t i ons  ( I )  
Standby power ( 1 )  
1 0 . 0  
2 0 . 0  
5 .  0 
: . 0 .  0 
9 . 5  
" 20 . 0  
0 . 0  
I nterest Rate (1 ) 
Nu•ber of Years 
Land cost , $/Acre 
794 0 
7940 
0 
738  
738  
E l ectr i c ity,  $/KIIH 0 . 0600  
labor , $/Hr • 1 � . 0000  
D i es e l  Fue l , $/Ga l  1 . 2500  
Natura 1 Gas ,  $/Cu ft  0 .  0065 
Bu i l d i ng Energy Use, KWH/Sq Ft/Yr = 1 00 . 0000  
Present �orth 
$ 3 1 82 5 0 0  
TOTAL, S/Yr 
688 4 0  
688 � 0  
0 
Table G-9. Economic analysis at a 1 0 .0 percent interest rate 
R I EKE CARROLL HULLER ASSOC I ATES , I NC .  
WATER/WASTEWATER TREATKEHT PROCESSES - COST SUKKARY 
PAGE I 
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T I TL E : DES I GN FLOW,  KGO : 5 2 . 0 0 0  ACTUAL FLOW I KGD : I 5 .  000  
Cent s / 1 000  G a l l ons 
:....:.Pr-=-oc=e;.:.;s'::;.._-------- � Des Ign Para11eter O=p=er:..:a-=-t l:..:..:.n.._g ..;...;Pa=r=a•=e=te"-r ___ - Cons t r, S __Q!!!. Debt T ota I 
I OZONE GENERAT I ON SYSTEKS 
2 OZONE CONTACT CHAKBER 
83  
8�  
900 . 0  LB/OAY 
2 � 1 4 0 . 0  cu f T  
25 0 . 0  LB/DAY 
2� 1 4 0 . 0  CU FT 
1 � 60300  1 . 26  5 . 2 5  6 . 5 1  
82600  0 . 00 0 . 3 0  0 . 3 0  
Tot a l  Costs , S 1 5 H900  1 . 26 5 . 5 5  6 . 80 
S l tevork ,  I nterface P i p i ng ,  20 . 01 
Subsurface Con s i derat i ons , 5 . 0l 
Gen Contractor OH ' P ,  1 2 . 01 
Eng ineer i ng,  1 0 . 0� 
Lega i , F f sca l , Ad• l n  
l n t  Dur i ng Constr 
Present Worth of OU @ I O . On and 20 yrs S 586 1  Tota l  Cap i ta l ,  $ 
308600  
11 1 00 
23 1 � 0 0  
2 1 6 0 0 0  
27000  
I 82000  Present Worth 
2585000  " $ 3 1 7  I I 0 0  
----'-"'KII=H Kater f a l s, S labor, Hr D i ese l ,  Ga l Nat Gas, Cu Ft Che• l ca l s, S TOTAL. S/Yr 
1 1 1 1  TOTAL • • • •  
Process  
Process  
8�2833  
842833  
0 
Date of Current J nd l c l es - FEBRUARY 1 986 
Cap i ta l  Cost Factors 
Eng i neer i ng ( � )  1 0 . 0  
· S l tework ,  I nt erface P i p i ng ( 1 )  = 20 . 0  
Subsurface cons I de rat I ons  m 5 .  0 
Standby power ( l )  0 . 0  
I nterest Rate ( t )  1 0 . 0  
Nu•ber o f  Years 20 . 0  
Land cost , $/Acre 0 . 0  
79�0 
7940  
0 
738 
738 
0 
Un i t  Cos t Factors 
E l ectr i c i ty ,  $ /KIIH 0 . 06 0 0  
Labor , $ /Hr I � .  0000 
D i es e l  Fue l , $/Ga l 1 . 2500  
Natura l Gas ,  $/Cu  Ft  0 . 0065 
Bu i l d i ng Energy Use, KIIH/Sq Ft /Yr = 1 0 0 . 00 0 0  
· 0 688� 0  
688 � 0  
0 
Table G-1 0 .  Econom ic analysis at a 1 0. 5  percent interest rate 
R I EKE CARROLL HULLER A SSOC I ATE S ,  I NC .  
WATER/WASTEWATER TREATMENT PROCESSES  - COST SUMMARY 
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T I TLE : DES I GN FLOW , HGO : 52 . 00 0  ACTUAL FLOW , MGD : 1 5 . 000  
,_.Pr�oc=e=ss::...._ ________ � Des ign Para11eter 
I OZONE GENERAT I ON SYSTEMS 
2 OZONE CONTACT CHA MBER 
83 
8� 
900 . 0  LB/DAY 
2 � 1 � 0 . 0  cu fT 
Operat I ng Para111eter 
2 5 0 . 0  LB/OAY 
2 � 1 4 0 . 0  CU FT 
Cents/ 1 00 0  Ga l l ons 
Constr , S _.Q!1!. � Tota l 
1 �60300  1 . 26 5 . H  6 . 7 1  
82600  0 . 00 0 . 3 1  0 . 3 1  
Tota l Cos t s ,  S 1 5� 2900  1 . 26 5 .  7 6  7 . 0 1  
S i t evor k ,  I nterface  P i p i ng , 20 . 01 
Subsurface Con s i de rat ions , 5 . 01 
Gen Contractor  OH & P ,  1 2 . 01 
Eng i neer ing ,  1 0 . 01 
Lega l , F f sca i , Adml n  · 
l nt Dur i ng Constr 
Present Worth  of  O&H ! 1 0 . 501 and Z O  yrs S 56660 To ta l  Cap i ta l , S 
308600  
7 1 1 0 0  
2 3 1 400  
2 1 6000  
27000  
191 1 00 
Z59 H OO • 
-----'-"KW"""'"H Mater i a l s, S labor, Hr Of ese  I, Ga I Nat Gas , Cu Ft Chem l ca I s, S 
' " '  TOTAL ' " '  
Process 
Process 
8�2833 
8�2833 
0 
Date of Current I nd I c I es - FEBRUARY 1 986 
Cap i ta l  Cost factors 
Eng I neer I ng ( 1 )  
S l t e�tork ,  I nterface P i p i ng It )  = 
Subsurface cons i derat i ons ( l )  
Standby power ( l )  
1 0 . 0  
20 . 0  
5 .  0 
0 . 0  
1 0 . 5  I nterest Rate ( l )  
Nu•ber o f  Years 
Land cost , t/  Acre 
:a 2 0 . 0  
0 . 0  
79�0  
79�0 
0 
738 
738 
0 
Un I t  Cost Factors 
E l ectr i c i ty ,  $/KWH 0 . 0600 
labor , S /Hr U . OOOO 
O f ese 1  fue l ,  $/Ga l I . 2500  
Natura l Gas ,  S/Cu  Ft 0 . 0065 
Bu i l d i ng Energy Use,  KVH/Sq Ft/Yr = 1 00 . 0000  
Present Worth 
• 3 1 60 7 0 0  
TOTAL. $/Yr 
688� 0 
688�0  
0 
Table G-1 1 .  Econom ic analysis at an 1 1 .0  percent interest rate 
R I EKE CARROL L "ULLER ASSOC I ATES ,  I NC .  
WATER/WASTEWATER TREAT"ENT PROCESSES - COST SU""ARY 
PAGE I 
1 60 
T I TLE : DES I GN f lOW , KGD : 52 . 00 0  ACTUAL HOII, "GD : 1 5 . 00 0  
w.Pr..:::;oc:&.:�exss"----------- � Des Ign Para11eter 
I OZONE GENE RAT I ON SYSTEMS 
2 OZONE CONTACT CHAMBER 
83  
84  
90 0 . 0  L B/DAY 
2 4 1 �0 . 0  CU FT 
Oeerat I ng Para111eter 
250 . 0  LB/OAY 
2 4 1 40 .-0 CU FT 
Cents/ 1 0 0 0  Ga l l ons 
Constr, S ___QJ! jill J.91Jl. 
1 �60300  1 . 2 6  5 . 65 6 .  9 1  
82600 0 . 00 0 . 32 0 . 3 2 
Tota i Costs , S 1 542900 1 . 26 5 . 97 7 . 23 
S i tework,  I nterface P ip ing ,  20 . 01 
Subsurface Cons i derat i ons , S . Ol 
Gen Contractor OH & P ,  1 2 . 01 
Engi neer ing , I O . Ol 
Lega i , F i sca l , Adm in  
lnt Dur i ng Constr 
Present Wort h  of 0&" P 1 1 . 0 01 and 2 0  yrs S 5�82 Tota l Cap i ta l , $ 
O&K __ __,_K II=fl Kotor lgh, t 
1 1 1 1  TOTAL 1 1 1 1  
Proces s  
Process 
842833 
842833 
0 
Date of Current I nd I c I es - FEBRUARY 1 986  
Cap i ta l  Cost  Factors 
Eng i neer i ng ( l )  1 0 . 0  . 
S l tewor k ,  I nterface P i p i ng I l l = 2 0 . 0  
Subsurface cons iderat i ons ( l l  5 . 0  
Standby power ( l )  0 . 0  
I nterest Rate ( I )  1 1 . 0 
Nu111ber of Years 20 . 0  
land cost ,  $/Acre 0 . 0  
7 9 �0  
7940  
0 
738  
7 38  
0 
Un i t  Cost Factors 
E l ectr i c i ty,  $/KVH · 0 . 06 0 0  
Labo r ,  $/Hr 1 4 . 00 0 0  
D i ese l  Fue l , $/Ga l 1 . 25 0 0  
Natura I Gas , $/Cu f t  0 . 00 65 
Bu i l d i ng Energy Use, KIIH/Sq Ft/Yr = 1 00 . 00 0 0  
3 08600  
7 7 1 00 
2 3 1 � 00  
2 1 60 0 0  
2 70 0 0  
200200 
2603200  
Pres ent · Worth 
s 3 1 5 1 � 0 0  
TOTAL tJ1r. 
688 4 0  
688 � 0  
0 
Ta b l e G ... J 2 . Econo m i c  a na l y s} s n t  a n  1 1  • .5 percen t  i n te rest ra te 
R I EKE CARROLL HULLER ASSOC I ATES , I NC .  
WATER/WASTEWATER TREATMENT PROCESSES - COST SUHHARY 
PAGE I 
1 6 1 
T I TL E :  DES I GN FLOII , MGO :  5 2 . 000  ACTUAl HOI/ , HGD : 1 5 . 000  
:...:Pr...:::.o!:.!:ce�ss�-------- � De s ign Para1eter 
I OZONE GENERAT I ON SYSTEHS 
2 OZONE CONTACT CHAHBER 
900 . 0 LB/DAY 
2 H �O . O  C U  FT 
Ooerat i ng Para11eter 
2 5 0 . 0  LB/DAY 
2 � 14 0 • 0 cu fT 
Cents/ 1 0 0 0  Ga l I on' 
Cons tr, J __Ql!! Jill Jilll 
1 460300 1 . 26 5 . 86 7 . 1 1 
82600 o . oo · o . J J  o . J J 
Tota l Costs , $ 1 54 2900 I .26  6 . 1 9 1 . � 5  
S ftework ,  I nterface P i p i ng ,  20 . 01 
Subsurface Cons i derat ions , 5 . 01 
Gen Cont ractor OH & P ,  1 2 . 01 
Eng i neer ing, 1 0 . 01 
Lega l  , F i sca l ,Ad11 fn  
1 nt Dur i ng Constr 
Present Worth of O&H @ 1 1 . 501 and 20 yrs $ . 5307  0 + Tota l Cap i ta l , $ 
3 08600 
17 1 00 
2 3 1 400  
z 1 6000  
2 7000 
209300 
2 S 1 23 0 0  
O & H  __ ---!.:.KII"'"'"H Hate r la l s, S Labor, Hr D i ese l ,  Ga l Nat Gas, Cu ft Chea l ca l s, $ 
' " 1 TOTAL " "  
Process  
Proces s 
842833 
842833 
0 
Date of Current I nd I c l es  - FEBRUARY 1 986 
Cap i ta l  Cost factors 
rng l naer l no I l l  • 1 0 . 0  
· S l tewor k ,  I n t erface P f p l n g  ( � )  = 20 . 0 
Subsurface  cons i derat ions ( 1 )  5 . 0  
Standby power n) 0 .  0 
I nterest Rate ( 1 )  I I .  5 
Nu1ber of Yea rs 20 . 0  
Land cost , $ /Acre 0 . 0  
7940 
7940  
0 
738 
738 
0 
Un I t  Cost factors 
[ l eclr l c l ty ,  t /KIIIf O . OUO 
Labo r ,  S/Hr U . B O O O  
D i ese l Fue l , $/Ga l 1 . 2 5 0 0  
Natura l Gas , $ /Cu  r t  0 . 0065 
Bu i ld i ng Energy Use , KWH/Sq Ft/Yr . =  1 00 . 0000 
Present Worth 
s 3 1 43000 
TOTAL. S/Yr 
688� 0  
688�0 
0 
Table G- 1 3. Economic ana lysis at a 1 2.0  percent interest rate 
R I EKE CARROLL HULLER ASSOC I ATES , I HC .  
WATER/WASTEWATER TREATKEHT PROCESSES - COST SUHHARY 
PAGE I 
1 62 
T l  TLE : DES I GN FLOW , HGO : 5 2 . 000  ACTUAL HOI/ , HGD : 1 5 . 000  
!...!Pr....::.o.::..:ce�ss=---------- M.2..:_ Des lgn Parame ter 
I OZONE GENERAT I ON SYSTEHS 
2 OZONE CON TAC T CIIAHBER 
63  
0�  
900 . 0  l B/DAY 
2 � 1 �0 . 0  CU  F T  
Oper·a t I ng Pa raraeter 
250 . 0  l 8/DAY 
ZH � O . O  CU  f T  
Cent s /  I 0 0 0  G a  I I ons 
Cons tr, $ � __Q.ill Tota l 
1 460300 1 . 26 6 . 0 7 7 . 3 2 
82600 0 . 00 0 . 3 4 O . H  
Tot a l  Costs , $ 1 542900 1 . 26 6 . 4 1  7 . 67 
S l t ework ,  Interface P i p i ng ,  2 0 . 01 
Subsurface Cons i derat i ons , 5 . 01 
Gen Contractor OH & P ,  1 2 . 01 
Eng i nee r ing ,  1 0 . 01 
lega l , F i s ca l  ,Ad111 i n  
l nt Dur i ng Cons t r  
Present Worth of O & H  @ 1 2 . 001 and 2 0 y r s  $ 5 1 �2 0 0  t Tota l Cap i ta l ,  S 
308600 
77 1 00 
23 1 40 0  
2 1 6000  
27000  
2 18400 
262 1 400 
O&H  __ ___:.:.Kil�H Mater i a l s, S Labor,  Hr  D i es e l ,  Ga l Nat Gas, Cu Ft Che11 l ca l s, S 
1 1 1 1  TOTAL 1 1 1 1 
Process  
Proce s s 
8 42833 
842833  
0 
Dote of Current l nd l c l e s  - FEBRUARY 1 986 
Cap i t a l  Cost Factors 
Eng Ineer 1-ng ( � I  
S l tework , I nterface P i p i ng ( I )  = 
Subsurface cons I de rat I ons I l l  
I 0 .  0 
20 . 0  
5 .  0 
0 . 0  Standby power I I l 
I nterest Rate ( I )  
Nuaber of Years 
land cos t ,  S I Acre 
• 1 2 . 0  
2 0 . 0  
0 .  0 
7940 
7940 
0 
738  
738 
0 . 
Un I t  Cost Factors 
E l ectr i c ity,  $/KWH 0 . 0600 
Labor , S /Hr 1 4 . 0 0 00 
D i es e l  Fue l ,  $/Ga l I . 2500  
Natura l Gas ,  $/Cu ft 0 . 0065 
Bu i l d i ng Energy Use,  KWH/Sq Ft/Yr = 1 0 0 . 00 0 0  
Pres ent Worth  
$ 3 1 3560 0 
TOTAL. S/Yr 
66840  
688 4 0  
0 
